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By far, ethylene-based materials (homo and copolymers) constitute the highest

volume of synthetically produced macromolecules in the world today. Although such

factors as mode of polymerization (radical, Ziegler-Natta, etc.), choice of catalyst,

temperature of reaction, and molecular weight are of extreme importance, the distribution

and amount of the short-chain branching (SCB) content are the most influential factors

for determining the final materials properties for ethylene/a-olefin copolymers.

Chapter 2 describes the first synthetic approach to attain precisely controlled

methyl branching in ethylene-co-propylene (EP) materials created via acyclic diene

metathesis (ADMET) chemistry. In Chapters 2 and 3, differential scanning calorimetry

(DSC) was employed to examine the thermal behavior of five model EP copolymers
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wherein a methyl branch was placed on each and every 9
th

,
11

th

,
15

th

, 19
th

,
and 21

st

carbon along the backbone.

Chapter 4 details the first secondary structural data for these model EP copolymers

via a variety of techniques including wide-angle x-ray diffraction (WAXD), small-angle

x-ray scattering (SAXS), optical microscopy (OM), transmission electron microscopy

(TEM), electron diffraction, infrared (IR) spectroscopy, and Raman scattering. The

crystalline regions in these systems were found to be pseudo-hexagonal and consist of

parallel-packed arrays of conformationally disordered (Condis) hydrocarbon chains. This

is the first verified existence of the pseudo-hexagonal phase for an ethylene-based

material without having initially applied high pressures/temperatures to the sample and/or

stretching the material prior to analysis.

Chapter 5 presents the synthetic methodology used to create the first ADMET

model ethylene-co-butylene (EB) materials in which the ethyl branches are set into a

precise methylene sequence length (MSL). In particular, details are provided in regard to

monomer/polymer syntheses, characterization, and initial thermal behavior findings for a

single model EB copolymer in which the ethyl branch has been placed on each and every

9th carbon along the polymer backbone.

Comparisons of these model polymers with industrial polyethylene samples

demonstrate that this polycondensation approach provides a significant opportunity to

better understand the morphology, crystalline structure, and thermodynamics of the

crystallization process for the most abundant synthetic macromolecule in the world,

polyethylene.
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CHAPTER 1

ADMET—A NON-TRADITIONAL STEP-GROWTH POLYMERIZATION

1.1 Introduction

Olefin metathesis, an expression coined by Calderon et al. in 1967,
1

has been

accurately described in Ivin and Mol’s seminal text Olefin Metathesis and Metathesis

Polymerization as "the (apparent) interchange of carbon atoms between a pair of double

bonds.”
2

This remarkable conversion can be divided into four types of reactions as

illustrated in Figure 1-1.

These reactions have been used extensively in the synthesis of a broad range of

both macromolecules and small molecules;
3

this chapter focuses on acyclic diene

metathesis (ADMET) polymerization as a versatile route for the production of a wide

range of functionalized polymers.

1.1.1 Historical Perspective

The history of metathesis chemistry dates back over 50 years
4
to the development

of Ziegler-Natta-type transition metal catalysts for olefin polymerization in the late

1940s.
5 While olefin exchange reactions were observed by several research groups using

such catalysts, the exact nature of the active catalyst species and mechanism were not

understood at the time. Most early metathesis catalyst systems, similar to either Phillips-

type (supported metal oxides at high temperatures) or Ziegler-Natta-type (metal

halide/alkyl aluminum mixtures at low temperatures) catalysts for the polymerization of

a-olefins and ethylene, involved the in situ formation of the catalyst. Such nebulous,

multi-component systems are complicated, and as a result, difficult to study and

1



2

understand. Only after detailed labeling studies by Dall'Asta and coworkers was it

conclusively proven that in metathesis, the olefin double bond is cleaved and reassembled

by the active catalyst.
6

Acyclic Diene

Metathesis

+

i 2

Ring Opening
Metathesis

Polymerization

3 4

Ring Closing

Metathesis W"
5 6

Cross \ ,
\

Metathesis Y Z
+

7 8 9

Figure 1-1 . The four types of metathesis reactions.

The mechanism of such cleavage remained unknown until Herrison and Chauvin

solved it in 1970.
le

Chauvin proposed that the metathesis reaction involves a

metallacyclobutane ring intermediate, which is formed by the interaction of a metal

carbene with an olefin. This is the key step in metathesis chemistry and is common to all



3

metathesis reactions. Although this intermediate was questioned initially, the scientific

community now universally accepts its presence in the mechanism.

1.1.2 Metathesis Catalysts

The discovery and preparation of organometallic carbene complexes in 1964

provided not only a vital clue for the determination of the metathesis mechanism but also

has subsequently led to the deliberate design of improved, later generation catalysts. A

brief overview is presented here for several catalytic systems used for metathesis

polymerization, and in particular acyclic diene metathesis (ADMET) polymerization.

The most important catalysts (determined by usage and numbers of publications) are

based on ten elements in the transition metal series of the periodic table: Mo, W, Ru, Re,

V, Zr, Cr, Co, Rh, and Tc. It is uncommon to observe metathesis activity with non-

transition metal elements. It was not until 1963 that Dall'Asta
6
was able to prepare high

molecular weight polymers via ROMP of the strained cyclic olefin cyclopentene (10),

producing polypentenemer (11) (Figure 1-2).

10 11

Figure 1-2. Dall’Asta’s ROMP polymerization of cyclopentene.

Even more challenging was the synthesis of step-growth polymers using acyclic

dienes, since high conversions (>99%) are mandatory for high molecular weight

polymers to be produced.
3

Initially, attempts to prepare such polymers failed and

research into this area became quite limited. It was not until 1990, following the

discovery of active, acid-free, single site tungsten-based alkylidenes by Schrock’s group,
7
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that Wagener and coworkers were able to successfully perform the ADMET reaction

using 1 ,9-decadiene (12) as the monomer, producing poly(octenamer) (13) (Figure 1-3).

n

12 13

[W] = W (=CHCMe3 )
(=NC6H 3-/-Pr2-2,6) [(OCMe(CF3 )2 ]2

Figure 1-3. Wagener’s ADMET of 1,9-decadiene using Schrock’s [W] catalyst.

We now know that three catalyst systems are viable in ADMET polymerization:

9 7

"classical" catalysts (14), Schrock-type alkylidenes (15), and Grubbs-type carbenes (16,

17).
9 ’ 10 Each catalyst type has advantages and limitations, and the choice of catalyst is

dependent on the nature of the diene to be polymerized (monomer functionalities present,

physical properties of the polymer formed, and so forth). "Classical" catalysts (14) are,

in reality, ill-defined catalytic mixtures containing two or more components in which the

active species (alkylidene) is generated in situ.
2

Typically, a classical catalyst is

composed of an early transition metal halide such as WC16 reacted with an alkylating

agent or activator, such as Bu4Sn or EtAlCF. Such catalysts are rather effective under

certain conditions, such as high temperatures (100 °C), and proceed with reasonable rates.

A practical disadvantage to such catalytic mixtures is their ill-defined nature; the active

species often cannot be isolated, or in some cases are unable to be identified—even by

spectroscopic means. Consequently, catalyst concentration cannot be easily quantified

and monitored during the course of a reaction.

These limitations were overcome with the introduction of the well-defined, single-

component tungsten and molybdenum (17) alkylidenes in 1990. (Figure 1-4).
7

Schrock’s



5

discovery revolutionized the metathesis field and vastly increased the utility of this

reaction. The Schrock alkylidenes are particularly reactive species, have no detectable

side reactions, and are quite effective as polymerization catalysts for both ROMP and

ADMET. Due to the oxophilicity of molybdenum, these alkylidenes are moisture and air

sensitive, so all reactions using these catalysts must be performed under anaerobic

conditions, requiring Schlenk and/or glovebox techniques.

14

X
PCy3

CU

Cl'
Ru=

'Ph

PCy3

rr
Mes-N N-Mes

Ph

PCy3

Mes = 2,4,6-trimethylphenyl

Cy = cyclohexyl

Ph = phenyl

CF3

/Pr = isopropyl

Ph = phenyl

15 16 17

Classical 1
st
generation 2

nd
generation

Grubbs benzylidene Grubbs benzylidene

Schrock alkylidene

Figure 1-4. Metathesis catalysts systems.

Grubbs-type carbenes (15 ,
16) based on the late transition metal ruthenium are

more tolerant to air, moisture, and most functional groups.
9
The original Grubbs’ carbene

(15) is kinetically slower compared to Schrock’s [Mo] catalyst (17). A significant

improvement to [Ru] carbene catalysts was discovered in 1999 by the Herrmann group,

with the introduction of the N-heterocyclic carbene ligand." Similar catalysts using this

type of ligand, such as 16,
10

have enabled the [Ru] catalysts to match or exceed the

reaction rate of the Schrock alkylidenes, at least in several ADMET and ROMP reactions.

This enhancement, when combined with the functional group tolerance of these carbenes,
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has led to its increased use in organic synthesis, particularly in ring closing metathesis

(RCM).
10

1.1.3 Requirements for ADMET Polymerization

ADMET of a,co-dienes has been a focus of research in the Wagener laboratories for

many years now, where this chemistry has been explored for its viability in synthesizing

polymers possessing both precisely designed microstructures as well as a variety of

functionalities. The requirements for this reaction, such as steric and electronic factors,

functionalities allowed, appropriate choice of catalyst, and the necessary length or

structure of the diene have been examined.
3,12 ' 14 A detailed discussion will be presented

later in this chapter with a brief synopsis of the basic requirements needed for a

successful ADMET polymerization reaction to take place.

Like most polycondensation reactions, ADMET is most effective under bulk (neat)

reaction conditions with the monomer itself acting as both reactant and solvent. Doing so

maximizes the monomer concentration and promotes a shift in the reaction equilibrium

(vide supra) towards unsaturated polymer formation. Similar to polycondensation

reactions, ADMET is typically performed under reduced pressure (< 10' mm Hg) to

remove the condensate—ethylene. This irreversibly shifts the monomer/polymer

equilibrium towards polymer formation, promoting faster monomer conversion and

raising the molecular weight of the product. ADMET is a true step-growth

polymerization reaction exhibiting the typical kinetic behavior and molecular weight

distribution (Mw/Mn =2.0) commonly observed for this class of polymerization.
12

In

order to suppress monomer cyclization via the RCM route (cyclization is common in

polycondensation chemistry), the a,co-diene must consist of a chain of ten atoms or
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greater to favor ADMET polymerization. Shorter chain dienes have an increased

propensity to form stable five-, six-, and seven-membered rings. This thermodynamically

controlled phenomenon is known as the Thorpe-Ingold effect .

15
Since ADMET

polymerization is performed over extended time periods under equilibrium conditions, it

is ultimately thermodynamics rather than kinetics that determine the choice between a

selected diene monomer undergoing either polycondensation or cyclization.

1.1.4 Applications

ADMET is one of the most flexible transition metal catalyzed polymerization

routes studied to date. With the introduction of new, functionality-tolerant robust

catalysts, the primary limitation of this chemistry involves the synthesis and cost of the

diene monomer that is used. ADMET gives the chemist a powerful tool for the creation

of polymers not easily accessible via other means. Herein, the synthetic techniques

required to perform this reaction are detailed and a discussion is made concerning the

wide range of properties observed from the variety of polymers that can be synthesized.

For example, branched and functionalized polymers produced by this route provide

excellent models (after quantitative hydrogenation) for the study of many large volume

commercial copolymers; and the synthesis of reactive carbosilane polymers provides a

flexible route to solvent resistant elastomers with variable properties. Telechelic

oligomers can also be made which offer an excellent means for polymer modification or

incorporation into block copolymers. All of these examples illustrate the versatility of

ADMET.
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1.2 Overview of Chemistry and Analytical Techniques

1.2.1 Chemistry and Catalysis

1.2.1. 1 Brief history

As mentioned earlier, the chemistry and mechanism surrounding the olefin

metathesis reaction (Figure 1-1) have been points of intense interest since their discovery

over 50 years ago.
1,2

In the late 1980s, research by the Wagener group demonstrated

IT

approaches to meet the stringent requirements of step polymerization. Defining the

opportunity has been the direct result of revolutionary developments of the single-site

metathesis catalysts described earlier; and subsequently, a series of high molecular

weight polymers possessing various functionalities have been made by ADMET (Figure

1-5).
14
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Figure 1-5. Various polymers produced by ADMET in the Wagener group.
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At this point, it is appropriate to discuss the mechanism for ADMET, because

ADMET polymerization is more mechanistically complex than its chain polymerization

counterpart—ROMP. Figure 1-6 illustrates the accepted mechanistic pathway which

leads to productive metathesis polymerization, as first described by Wagener, Boncella,

and Nel.
14a A general model reaction between an a,co-diene with a metal alkylidene

initiator is presented here for simplicity, and upon examination of this polymerization

cycle, several interesting features become apparent. Since each and every reaction step in

this cycle is in equilibrium, the ultimate driving force of the polymerization is the

removal of a small olefinic species, typically ethylene, in the case of terminal dienes.

Therefore, ADMET is an equilibrium, step-growth condensation-type polymerization

(generally known as polycondensation) that displays typical kinetics and molecular

weight distributions (~2.0) for this type of polymerization.
12
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=

+

A

h2c=ch2

E
L nM=CH2

Figure 1-6. General catalytic cycle for acyclic diene metathesis (ADMET).

The distinguishing features of this reaction mechanism are the following:

• Ethylene is produced as the small molecule, which upon removal drives the

reaction forward.

• The ADMET cycle involves the formation of two metallacyclobutane intermediates

[D, F], whereas the ROMP mechanism contains only one.

• The methylidene complex [E] is the true catalyst, which as far as we can tell has

the shortest half-life, and its reaction with an olefin produces ethylene as a by-

product.

• A second metallacyclobutane [F] is formed via the reassociation of terminal olefin

from discrete oligomers (or monomer) with the active methylidene, produced in [E]

(see above).

• Upon collapse of this metallacyclobutane [F], ethylene is driven off and an

intermediate alkylidene is formed which bears the growing polymer chain [C].

• The cycle is then repeated numerous times generating high polymer.
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As is the case for other polycondensation reactions, internal interchange reactions

are possible for ADMET, similar to that of polyesters and polyamides.
16

Interchange

reactions involve a catalyst molecule on a polymer chain-end reacting with an internal

double bond in another polymer chain. The result is two new polymer chains; however,

no change in the molecular weight distribution is observed from that expected for a

random polymerization. The distribution observed is the Flory, or most probable,

distribution.

Another factor in step-growth polymerizations is cyclization versus linear

polymerization.
15, 16

Since ADMET is a step-growth polymerization, most reactions are

carried out in the bulk, using high concentrations of the reactant in order to suppress most

cyclic formation. A small percentage of cyclic species is always present but is dependent

upon thermodynamic factors, typical of any polycondensation reaction.

1 .2.1.2 Importance of catalyst selection

The obviation of side reactions is essential to the success of ADMET, and this can

be realized if the proper catalyst is chosen. Catalyst choice must avoid the possibility of

cation formation,
13

vinyl addition, and/or formation of multiple catalytic species, all of

which are detrimental to clean metathesis chemistry. Over the past 10 years, the

Wagener group has utilized a variety of catalyst moieties, several of which are illustrated

in Figure 1-4.

Presently, the two most commonly used single-site catalysts for ADMET are 1)

Schrock’s alkylidene catalysts of the type M(CHR’)(NAr')(OR)2 where M = [W] or [Mo],

At' = 2,6-C6H 3-/-Pr2 , R’ = CMe2Ph, and R = CMe(CF3)2 (17)
7
and 2) Grubbs’

ruthenium-based catalyst, RuCl2(=CHPh)(PCy3)2 (15) where Cy = cyclohexyl.
9

While
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both catalysts meet the requirements to be successful in ADMET, they are markedly

different in their reactivity and in the results each can produce.

Kinetic studies using 1 ,9-decadiene and 1,5-hexadiene in comparison with catalyst

17 and catalyst 15 demonstrate an order of magnitude difference in their rates of

polymerization, with 17 being the faster of the two.
12

Further, this study shows that

different products are produced when the two catalysts are reacted with 1,5-hexadiene.

Catalyst 17 generates principally linear polymer with the small amount of eyelies

normally observed in step-condensation chemistry, while 15 produces only small

amounts of linear oligomers with the major product being cyclics such as 1,5-

cyclooctadiene.
12

Catalyst 15
,
a late transition metal benzylidene (carbene), has vastly

different steric and electronic factors compared to catalyst 17, an early transition metal

alkylidene. Since the results were observed after extended reaction time periods and no

catalyst quenching or kinetic product isolation was performed, this anomaly is attributed

to mechanistic differences between these two catalysts under identical reaction

conditions.

Another difference between these catalysts is found in their functional group

tolerance. Catalysts such as 15 are more robust to most functionalities (except sulfur and

phosphorus), moisture, oxygen, and impurities enabling them to easily polymerize dienes

containing functional groups such as esters, alcohols, and ketones.
9 On the other hand,

catalyst 17 is more tolerant of sulfur based functionalities.
7
The researcher must choose

the appropriate catalyst by considering the chemical interactions between monomer and

catalyst as well as the reaction conditions needed.
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1.2.2 Experimental Methods

A discussion of this polymerization method would not be complete without

mention of the development of specialized glassware utilized over the years. It has

evolved from very elaborate, sophisticated, and specially designed glassware to fairly

simple setups. Initially, elaborate break-seal technology was used to complete the entire

polymerization process,
143

similar to anionic polymerization methodology.
17

Break-seal

techniques were employed to fully understand many monomer structure/reactivity

relationships; these techniques are no longer needed.

Today, the glassware required consists of either a round bottom flask or a Schlenk

tube serving as the reaction chamber. This chamber is equipped with a magnetic stirbar

and a Teflon high-vacuum valve (or glass stopcock) which allows easy vacuum control

after attachment to a vacuum line (Figure 1-7). Figure l-7b illustrates the vessel used

when the monomer is very volatile (high vapor pressure). This design prevents low

boiling monomer from being lost under reduced pressure conditions due to the presence

of a cold fmger/trap, which usually contains a cooling mixture of dry ice/isopropanol (-

78 °C). This set-up also can be used when a monomer is a solid, and solvent must be

added in small quantities in order to facilitate the polymerization. In these cases care

must be taken to utilize many intermittent vacuum cycles to ensure the formation of a

viscous polymer product before full vacuum (<10'
2 mm Hg) is employed. Figure l-7a

and l-7c illustrate the glassware used when the monomer remains a stirrable, non-volatile

liquid under normal vacuum conditions at room temperature.
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Figure 1-7. 2
nd

generation ofADMET polymerization glassware

1.2.2.1 Purification of monomers, reagents, and solvents

Care must be taken in the preparation of any reagent or monomer that comes in

contact with the catalyst. All reagents and chemicals that are purchased or that are

synthesized must be of high purity (>99% is preferred). Typical methods of monomer

purification that have been used include the following: recrystallization; simple, vigreux,

or spinning band distillation; flash chromatography; and high performance liquid

chromatography (HPLC).
18

If catalyst 17 is used, then care must be taken to ensure

absolute dryness and an oxygen-free atmosphere. Monomers used for these reactions

usually are further purified and degassed by three ffeeze-pump-thaw cycles prior to

polymerization. The N-heterocyclic-carbene-ligated ruthenium catalyst (16) requires

substantially less stringent conditions.
10
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1.2.2.2 General metathesis polymerization conditions

Usually ADMET polymerizations are conducted in the bulk state (neat) to

maximize the molar concentration of the olefm, and so the examples discussed in this

chapter describe bulk polymerization conditions.

For a typical ADMET polymerization, all monomers, reagents, and solvents are

purified as described earlier and degassed. The glassware is dried in an oven for at least

4 hours and taken into an argon (or nitrogen) glovebox. The monomer is placed in a

tared reaction vessel, and then the appropriate catalyst is weighed out. Typical monomer

to catalyst ratios are on the order of 500-1000:1 (17), 100-500:1 (15), and 100-500:1 (16).

Catalyst is then added to monomer in order to initiate the polymerization reaction, which

is characterized by visible bubbling (evolution of ethylene). The reaction vessel is sealed

off to the atmosphere, removed from the glovebox, and immediately connected to an

evacuated vacuum line. Intermittent vacuum cycles are carried out until the viscosity

increases enough to hinder or completely stop stirring.

The temperature of the oil bath in the initial stages and throughout the course of

the polymerization is monomer and catalyst dependent. As a general rule, low boiling,

volatile monomers are initially begun at room temperature (20-25 °C), whereas higher

boiling substrates may be initiated at 30-40 °C. Polymerizations using catalyst 17 should

be started at lower temperatures (20-30 °C) compared to reactions with 15 (30-40 °C).

This is primarily due to the possibility of decomposition when using Schrock’s catalyst at

higher temperatures, but it also takes into account the differences in relative reactivity of

the two catalysts (rate of polymerization: Schrock’s [Mo] > Grubbs’ [Ru]). The best

laboratory scale ADMET reaction is a slow and controlled one, progressively building
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up the molecular weight of the product. Rapid reactions splatter monomer inside the

upper walls of the reaction vessel, which can lead to decreased conversions.

After several intermittent vacuum cycles, the reaction mixture becomes viscous

(bubbling of ethylene is less vigorous) and full, continuous vacuum (<10" mm Hg) may

then be applied. The reaction temperature is slowly ramped to ultimately reach

temperatures of 50-55 °C when using 17, 60-70 °C for 15, and 70-90 °C with 16. Once

the evolution of ethylene is complete, the reaction vessel is cooled to room temperature

and the catalyst is quenched by either exposure to the atmosphere, addition of a

terminating agent (benzaldehyde or ethyl vinyl ether), or by the introduction of non-

purified, lab grade solvent (usually benzene, chloroform, toluene, etc.). Polymers are

isolated from the dissolved solution by precipitation into a non-solvent such as methanol,

isopropanol, or hexanes. Several successive precipitations may be required to reduce the

level of catalyst residue to acceptable levels. Alternative methods have been developed

for Grubbs’ catalyst removal using chelating phosphines.
19

As a reference, provided

below is an example of the ADMET of 1,9-decadiene Figure 1-8.

1.2.2.3 ADMET polymerization of 1,9-decadiene (9)

catalyst—
12

+ ch2=ch2

13

Figure 1-8. ADMET polymerization of 1,9-decadiene.

The following steps are performed in an argon atmosphere glovebox. In a 50 mL

round bottom flask equipped with a Teflon magnetic stirbar, 2.03 g (14.7 mmol) of

previously distilled and degassed 1,9-decadiene (12) (Aldrich) and 27.6 mg (3.61 x 10~2
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mmol) of Schrock’s catalyst (17) [400:1] are combined. In a matter of seconds, catalyst

is dissolved into the monomer and the vigorous evolution of ethylene is observed. The

flask is sealed with a Teflon vacuum adapter and removed from the drybox. The

polymerization vessel is immediately connected to the vacuum line, placed into an oil-

bath, and stirred at 30 °C. Intermittent vacuum cycles are performed until the evolution

of ethylene slows and the increased viscosity of the polymer solution makes stirring very

difficult. At this point, 1,9-decadiene is exposed to full vacuum (<10'2 mm Hg) after 1.5

h, and the temperature is increased slowly, over a period of days, to a final level 50 °C.

After 3-5 days total reaction time, the polymerization is cooled to room temperature and

quenched by exposure to air. The poly(octenamer) (13) is isolated in high yield (95%) by

dissolving in toluene and precipitating into methanol. The dissolved polymer may be

purified by flash chromatography through a short silica gel column in order to remove a

large portion of decomposed catalyst residue. However, trace amounts of residue are still

present even after this process, which may lead to slight discoloration of the polymer.

After this precipitation and subsequent drying under vacuum, the polymer is

characterized using typical analytical techniques (see section 1.2.3).

1.2.3 Characterization of ADMET Polymers

ADMET polymers are easily characterized using the common analysis techniques

available to the chemist, including nuclear magnetic resonance ('H and
13C NMR),

infrared (IR) spectra, elemental analysis, gel-permeation chromatography (GPC), vapor

pressure osmometry (VPO), membrane osmometry (MO), thermal gravimetric analysis

(TGA), and differential scanning calorimetry (DSC). The preparation of poly(octenamer)

(13) via the metathesis of 1,9-decadiene (12) is an excellent model polymerization to

study ADMET, since the monomer is readily available and the polymer is well known.
21
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The NMR characterization data (Figure 1-9) for the hydrogenated versions of

poly(octenamer) illustrate the clean and selective nature ofADMET.

b)

solvent

1A-
^’"'r 1 1 i

Figure 1-9 (a) 200-MHz 'H NMR of linear poly(octenamer) produced by ADMET
polymerization of l,9-decadiene.

14a
(b) 50-MHz 13C NMR of linear poly(octenamer)

produced by ADMET polymerization of 1, 9-decadiene. Reproduced with permission

from Macromolecules 1991
, 24, 2649-2657. Copyright 1991 Am. Chem. Soc.

These spectra not only support the primary structure of the polymer’s repeat unit

but also strongly suggest that no side reactions are detectable within the limitations of the

instrument. In the
13C NMR spectrum (vide supra) all resonances can be unequivocally

assigned, demonstrating the clean nature of the ADMET reaction. The
13C NMR

spectrum also allows the scientist to distinguish between cis and trans internal sp

carbons as well as the allylic carbon, which is adjacent to the internal vinyl position.
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Using quantitative
13C NMR analysis, the integration of the peak intensities between the

allylic carbon resonances and those of the internal vinyl carbons gives the percentage of

trans/cis stereochemistry that is present for the polymer.
22

Empirically, the ratio of trans

to cis linkages in ADMET polymers has typically been found to be 80:20. Elemental

analysis results of polymers produced via ADMET demonstrate excellent agreement

between experimental and theoretical values as well.

Membrane osmometry, vapor pressure osmometry, gel permeation

chromatography, light scattering, and intrinsic viscosity have been used to determine the

molecular weight for a series of linear poly(octenamer) samples made via ADMET and

have been examined elsewhere.
143

For simplicity, only the example of GPC analysis is

given here (Figure 1-10).

Figure 1-10. GPC analysis of poly(octenamer) (13) and hydrogenated poly(octenamer) in

trichlorobenzene at 135 °C.
23

Reproduced with permission from Macromol. Chem.,

Rapid Commun. 1993
, 14, 657-662. Copyright 1993 Wiley-VCFI.

This GPC trace shows that hydrogenation does little to affect the molecular weight

distribution of poly(octenamer). Further it is important to note that the polydispersity

index (Mw/Mn ) for polymers produced by ADMET typically approaches 2.0 (within the
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normal range for step-condensation chemistry), and characteristic molecular weights for

ADMET polymers are in the range ofMn = 10 000 to 70 000.

Thermogravimetric analysis is used to determine the stability of a compound to

decomposition upon heating, and DSC is employed to measure glass transitions

(amorphous domain), melting/crystallization behavior (polymers with crystalline

domains), and the effects of thermal history or annealing in a polymer sample. Figure 1-

1 1 illustrates the dramatic effect that hydrogenation has on a sample—the melting point

is increased from 69 °C to 134 °C, a typical value for high-density polyethylene. This is

due to an increase in the relative percent crystallinity or order in the hydrogenated version

(linear polyethylene) compared to its unsaturated parent. Additionally, the melting

transitions for both the unsaturated (13) and saturated versions of the ADMET polymer

of 1,9-decadiene (12) are rather sharp and clean compared to polymers of a similar

backbone in the literature, which usually show broad melting curves that extend over a

wide temperature range. The sharpness of the melting transition is another characteristic

that points to the clean microstructures of polymers made using ADMET. The next

section examines the effect this precise control has on the final structural property

relationships of a given polymer. In particular, focus will center on polymers that model

branching effects in polyethylene (PE).
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Figure 1-11. DSC (Endo Down) of poly(octenamer) (13) [dashed] and hydrogenated

poly(octenamer) [bold].
23

Reproduced with permission from Macromol. Chem., Rapid

Commun. 1993, 14
,
657-662. Copyright 1993 Wiley-VCH.

1.3 Structure-Property Relationships

1.3.1 General Considerations

What can ADMET offer in terms of tailoring the properties of a given polymer?

The answer lies in the clean chemistry of metathesis. If a metathesis-active a,co-diene

can be synthesized, then a known polymer microstructure can be produced. Few other

polymerization techniques are so versatile, yet so precise. In recent years, the Wagener

group has focused attention towards modeling polymers and copolymers made from

ethylene, and in particular, the effect of precise placement of alkyl and polar branches

sequentially along the backbone of polyethylene has been examined.
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1.3.2 Influence of Precise Branching on Polymer Microstructure

Polyethylene’s structural simplicity has made it one of the most thoroughly studied

polymeric materials; however, it is still pertinent to study its structure-property

relationships, thermal behavior, morphology, and the effects of adding branches and

functional groups to the polymer backbone.

Polyethylene is usually thought of as a linear, straight chain macromolecule. In

reality, it is a hydrocarbon backbone with variable branching. Purely linear polyethylene

has been produced by both the catalytic decomposition of diazomethane
24

and ADMET

of 1 ,9-decadiene followed by hydrogenation.
23

However, these are not the methods of

choice to produce polyethylene industrially. Polyethylene is commonly synthesized via

chain propagation chemistry using free-radical initiation,
25

Ziegler-Natta catalysis,
26

metallocene catalysis, and most recently, late transition metal single-site catalysts.

Inevitably, both intra-and intermolecular chain transfer occurs in all of these systems

causing varying degrees of random branching. This creates polyethylenes with ill-

defined, randomly branched microstructures, which have been used to an advantage

industrially, creating a wider materials response.

In fact, there exist a number of materials that make up one of the largest families of

ethylene-based materials—these are referred to as linear low-density polyethylenes

(LLDPEs). LLDPE is made via the copolymerization of ethylene with a 1-alkene,

typically with a Ziegler-Natta or metallocene-based catalyst. The completion of such

reactions yields a polymer with a known branch length. For example, the

copolymerization ethylene with propene, butene, hexene, or octene, etc. yields a material

with methyl, ethyl, butyl, or hexyl branches, respectively. The production of such

materials has gained a noticeable share of the commercial market in recent years, mainly
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due to the ability to fine-tune the final physical properties of the material by placing a

finite amount of known branch points along the PE backbone. Despite being able to

tailor the branch length, current commercial techniques used to synthesize LLDPEs do

not offer the ability to place a given branch into a set sequence length (i.e. precise

placement). So, LLDPE, like LDPE, is a statistically branched material.

What is so important about branching in polyethylene, and why would scientists

like to study it or better yet, to control it? The extent of branching content in

polyethylene is dependent on many factors, such as the method of polymerization and

reaction temperature. The overall branch density may approach 15-30 branches per 500

mer units. Numerous studies using chain propagation chemistry have focused on

delineating the effect of these irregularities in polyethylene random copolymers with

both alkyl
30
and polar pendant groups.

31
The studies have produced a consensus that the

melting point is decreased with increasing frequency and steric bulk of the imperfections.

Branching sequence distributions also play a major role in the final material properties of

the polymer. Copolymerization of ethylene with different comonomers (usually a-

olefins, LLDPEs) is the best way to examine this phenomenon; however, due to differing

reactivity ratios between monomers, it is not trivial to prepare polymers with precise

placement of desired irregularity/branch point. In order to generate a valid study

concerning the exact impact an individual branch has on polymeric materials response, it

is necessary to find a method to precisely place a pendant group into a set sequence

length. Consequently, strategically designed ethylene-based copolymers with highly

defined microstructures should prove extremely valuable as material models.
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Ethylene copolymers with strict mer sequences (pendant group on every 5
th

carbon) have previously been prepared using an indirect method, accomplished by a

perfectly alternating copolymerization of butadiene with vinyl monomers, followed by

hydrogenation.
32

In order to further understand the impact of precise pendant group

placement, the Wagener group began to synthesize a number of similar ethylene

copolymers. Utilizing ADMET, model alkyl-branched polyethylenes with highly defined

microstructures have been produced. Ethylene/functional-olefin copolymers with several

commercially relevant substituents have also been synthesized, thereby increasing the

possible avenues with which to model the exact materials response change(s) caused by

alkyl or polar functionalities that are precisely placed along the polyethylene backbone.

By designing the repeat unit into the parent diene (containing either an alkyl branch

or functionality), only a single type of repeat unit is formed upon polymerization, giving

pure polymer microstructures. To date, perfectly controlled ADMET

ethylene/copolymers have included ethylene/CO,
33

ethylene/vinyl alcohol,
34

ethylene/vinyl acetate,
35

and ethylene/propylene.
20

1.4 Dissertation Purpose

This dissertation will present the findings concerning ethylene/propylene (EP)

copolymer models in which the short-chain branches are set into finite methylene

sequence lengths along the backbone of PE. In particular, the synthesis (Chapter 2) and

thermal behavior (Chapter 2 and 3) will be presented for a series of five EP copolymers

in which the methyl branches have been precisely placed. Additional characterization

data for these EP copolymer models has been gathered through the use of x-ray

diffraction, microscopy, infrared spectroscopy, and Raman scattering (Chapter 4),

thereby obtaining the first detailed, secondary structural information for any ADMET-
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produced polymeric material. From these results, it has been possible to deduce the unit

cell geometry and morphological characteristics for two of these materials (Chapter 4).

Further, a brief report is given for the monomer and polymer syntheses that enable

production of the first ADMET ethylene/butylene (EB) copolymer models. The initial

characterization and thermal behavior for the singular model EB copolymer, examined to

date, is presented within (Chapter 5), and a cursory attempt has been made to compare

this material to its EP copolymer model counterpart(s).



CHAPTER 2

SYNTHESIS AND CHARACTERIZATION OF ETHYLENE/PROPYLENE MODEL
COPOLYMERS WITH PRECISE METHYL BRANCH PLACEMENT

2.1 Introduction

Polyethylene (PE) is the highest volume macromolecule produced in the world

today, with over 88 billion pounds produced in 1996 and an estimated demand of 109

billion pounds in 2000.
36

Consequently, it is still of interest to study the structure-

property relationships, thermal behavior, and morphology of this polymer. The polymer

is synthesized via chain propagation chemistry using free-radical initiation,

97
heterogeneous Ziegler-Natta catalysis, metallocene-based catalysis, and most recently,

late transition metal catalytic systems. Inevitably, chain transfer occurs to varying

degrees in these polymerization schemes leading to a randomly branched polymer

microstructure, a phenomenon which is exploited to create a wider materials response.

™ io # .

Branching in polyolefins has been examined for more than 60 years,
’

’ including

numerous studies designed to better understand branching in polyethylene.
30b ’30f'32e,37c ’38

Recently, we have found a way to avoid the random nature of branching in

polyethylene. This has been accomplished via the elimination of chain transfer during

propagation by using step polymerization rather than chain polymerization techniques.

The work began by demonstrating that linear ADMET polyethylene
23

(no branches)

could be synthesized by condensing linear 1,9-decadiene into its polymer, followed by

exhaustive saturation with hydrogen. The use of metathesis polycondensation is

important here, for it is mild chemistry that obviates chain transfer and operates via

26
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essentially one mechanism. The consequence is that only a single type of repeat unit is

formed leading to pure polymer microstructures. This early work was followed by the

first known example of introducing a precisely controlled methyl “branch” on each and

every ninth carbon along the polymer backbone.
39

Figure 2-1 compares the two types of

microstructure under discussion, i.e., that with precision branching as compared with

random placement.

a) Precise Methyl Branch Placement on b) Random Methyl Branch Placement on

Every 9th Carbon on the Polyethylene the Polyethylene Backbone

Backbone

Figure 2-1. A pictorial representation of the difference in branch placement for PE

Produced by: a) ADMET chemistry and b) typical chain processes used to date.

We now report the synthesis of a series of polyethylenes possessing precisely

controlled methyl branch points where we have examined the effect of branching on the

thermal behavior of these model polymers. The synthetic strategy for this new class of

polyethylene also involves ADMET polycondensation chemistry and is illustrated in

Figure 2-2.'13,40

Polymerization of the appropriate methyl branched a,co-diene monomer via step

polycondensation (ethylene is removed) produces unsaturated polymers, where the

microstructure is controlled completely by the symmetrical nature of the monomer.

Monomer symmetry is the key to this methodology. Exhaustive hydrogenation produces

a fully saturated, precisely branched polymer and these macromolecules, which we term

ADMET polyethylene, are described herein.
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-c2h4

[catalyst]
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50-60°C
2a-2e

Where a-e correspond to:

Compound n

Exhaustive

Hydrogenation

a

b

c

d

e

3

4

6

8

9

H CH 3

2n+2

3a-3e

Figure 2-2. General synthetic scheme for synthesis of symmetrical methyl branched

ethylene/propylene (EP) copolymer models by ADMET.

2.2 Results and Discussion

2.2.1 Monomer and Polymer Synthesis and Design

Two synthetic pathways proved useful in the preparation of the symmetrical

monomers needed for this work, choosing either an acetoacetate based route
39

or by using

alkenyl halide/carboxylic acid chemistry;
41,42

this report describes the former route in

some detail (Figure 2-3). Ethyl acetoacetate is reacted with an alkenyl bromide

possessing appropriate methylene spacing to produce the disubstituted P-keto product

(4a-4f), which is deacylated by retro-Claisen condensation to yield the ester (5a-5f).

Reduction using lithium aluminum hydride yields the alcohol (6a-6f), which is tosylated

(7a-7f), then reduced via hydride displacement to produce the symmetrical diene of

interest. Six symmetrical monomers were prepared in this manner where n = 3, 4, 6, 8, 9

and 2 (Figure 2-3), (la-1 f).
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O 0^0Et

1.) 2 'BuO"K
+

O O

1.1 eq Na
+
OEt"

O
H-J^OEt

' 'n ' 'n2.) 2 EtOH

4a-4f 5a-5f

5a-5f
3 eq UAIH4

H^CHjOH TsCI, pyr H^CH 2OTs

Et20 CHCI3

6a-6f
7a-7f

H CH 3

1 a- 1 f

Where a-f correspond to:

7a-7f
3 eq UAIH4 Compound n

Et20, A
a 3

b 4

Figure 2-3. Synthetic pathway to produce methyl-branched biene with symmetrical

methylene spacing for both alkenyl substituents.

2.2.2 ADMET Polymerization and Hydrogenation Chemistry

All six symmetrical monomers in this study were exposed to Grubbs'
9

or

Schrock's
7
catalyst under mild ADMET step polymerization conditions. The chemistry

proceeds cleanly to produce linear, unsaturated polymers possessing only one type of

repeat unit plus the usual small quantity (<1%) of cyclics found in bulk polycondensation

conversions. No side reactions are detectable via TLC and NMR analysis. Number

average molecular weights (M n
's) range from 8 000 to 78 000 grams/mole, typical for

polycondensation chemistry as are the polydispersity indices (PDFs), which range from

1.7 to 2.0 (Table 2-1). Only monomer If failed to produce high polymer due to its

propensity to cyclize under bulk reaction conditions, a result of the Thorpe-Ingold

Effect
1 5,43,44

in which thermodynamically favored cyclization is driven by the presence of

the methyl group.
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Table 2-1 . Molecular Weight Data for Unsaturated and Saturated Branched ADMET
Polyethylene Polymers.

methyl

branch on

unsaturated polymer saturated polymer

methyl

branched

ADMET

every n
lh

carbon K polydispersity

index
K polydispersity

index

PE n
(10

3
g/mole)

fl (P.D.I)
(10

3
g/mole)

a (P.D.I)

3a 9 22.8 2.0 17.5 1.7

3b 11 8.0 1.7 8.5 1.8

3c 15 15.7 1.7 17.1 1.7

3d 19 11.3 1.9 17.4 1.6

3ds 19
b

78.1 1.9 72.0 1.9

3e 21 20.2 1.7 20.2 1.7

a
Molecular weight data taken using chloroform as solvent

standards.
b
Polymerized using Schrock's [Mo] alkylidene.

and is relative to polystyrene

These unsaturated polymers were converted to model ethylene/propylene (EP)

copolymers via exhaustive hydrogenation, where one of two methods was applied to this

procedure. Exhaustive hydrogenation is crucial to this examination; for otherwise, the

comparisons with "chain-made" polyethylene would be incorrect. Consequently, two

methods for hydrogenation have been examined in this work—one involving a

heterogeneous supported hydrogenation catalyst and the other involving homogeneous

stoichiometric diimide reduction.

The heterogeneous supported catalysis method uses Grubbs' ruthenium catalysis for

both metathesis and hydrogenation.
33,45

The unsaturated polymer is mixed with dry silica

in toluene under inert conditions, pressurized with 125 psi of H2 ,
stirred for 48 h, and the

resultant suspension filtered and concentrated to produce the series of fully saturated
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polymers (3a-3e). The fully hydrogenated polymer is isolated by precipitation into

CH 3OH and dried in vacuo for a 24 h period in the melt; molecular weight data for these

polymers is also found in Table 2-1. We find this tandem homogeneous

metathesis/heterogeneous hydrogenation procedure to be an efficient method of

producing ADMET PE. The stoichiometric diimide method is based on chemistry

described by Hahn
46

and also gives excellent results. This is accomplished by successive

additions of toluenesulfonylhydrazide (TSH) and tripropylamine (TPA), 3 equivalents of

each, to the unsaturated polymer in o-xylene. The mixture is refluxed; TSH and TPA are

added once again (3 eq) and brought to reflux once again. After cooling, the saturated

polymer (3ds) is recovered by precipitation into CH3OH.

Interestingly, during this study, it was found that combining [Mo] metathesis

catalysis with [Ru] supported hydrogenation gives very poor saturation results; 2ds could

not be hydrogenated using the heterogeneous catalysis system (silica, Grubbs' catalyst).

After exposing 2ds to these conditions, it was found that only 15-20% hydrogenation had

occurred (via NMR integration); consequently, this hydrogenation technique was not

pursued further.

2.2.3 Molecular Weight Analysis of Fully Hydrogenated ADMET Polyethylenes

Table 2-1 shows that hydrogenation does not alter the molecular weight of the

unsaturated polymers in this study, an observation noted in our earlier experiments .

39

Polydispersities are somewhat narrower than for the unsaturated analogs principally due

to a small degree of fractionation upon precipitation, but the values still reflect a

polycondensation scheme. Since the ADMET polyethylene models exhibit

polydispersity indices (PDI's) in the range of 2.0, they are excellent models for similar

ethylene based polymers produced via metallocene catalysis .

473
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The molecular weight analysis of these ADMET EP copolymer models is an

important issue to delineate, for metathesis polycondensation chemistry produces PE-

based samples with lower molecular weights than observed for the usual chain

techniques. Clearly there exists a molecular weight dependence of the melting behavior

in polymeric materials, and because of potential penultimate effects, the question

becomes evident whether or not these macromolecules are of sufficient size to model the

thermal behavior of conventional materials.

We have addressed this question in two ways, the data for which is displayed in

Table 2-2. First, linear ADMET polyethylene samples (no branches) were prepared in a

range between M
n
= 2 400 to 15 000 grams/mole. These samples increased in melting

point from 130.7 °C to 133.9 °C; whereas, further changes in melting behavior with

molecular weight were very gradual. The penultimate effect on melting in the M
n
=

1 5 000 grams/mole sample may be present, but only to a small degree, certainly less than

is important for comparisons with the methyl branched samples. Further, this sample’s

Tm of 133.9 °C and its heat of fusion compare favorably with commercial linear PE

prepared using Ziegler-Natta chemistry.

Second, we prepared two samples possessing dramatically different molecular

weights of polyethylene possessing a methyl branch precisely placed on each and every

19
th

carbon along the chain (this chemistry used to accomplish this is described in the

experimental section), both with an M
n

greater than 1 5 000 grams/mole (samples 3d and

3ds, Table 2-2). A sharp melting endotherm of 57 °C is observed for both of them, one

with an M
n
= 17 400 grams/mole and the other 72 000 grams/mole. This data suggests
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that a minimum number average molecular weight of approximately 15 000 grams/mole

is sufficient for comparison between samples in this study.

Table 2-2. The Effect of Molecular Weight on Thermal Properties for Linear and Methyl

Branched ADMET Polyethylene Polymers.

ADMET
polyethylene

methyl

branch

on every
th

n

carbon

n

K
(g/mole)

polydispersity

index

(P.D.I)

Tm (°C)

(peak)

Ahm
(J/g)

linear

ADMET PE" — 2400 2.4 130.7 252

linear

ADMET PE" — 7600 2.4 131.3 213

linear

ADMET PE" — 11 000 1.9 132.0 221

linear

ADMET PE" — 15 000 2.6 133.9 204

branched

ADMET PE6

3d 18 17 400 1.6 57 96

branched

ADMET PEC

3ds 18 72 000 1.9 57 84

a
Synthesized by ADMET of 1,9-decadiene. GPC analyses performed in 1,2,4-trichlorobenzene

at 135 °C with respect to polyethylene standards.
23 b

Polymerized with Grubbs' [Ru] benzylidene.

GPC analysis performed in chloroform with respect to polystyrene standards.
c
Polymerized with

Schrock's [Mo] alkylidene. GPC analysis performed in chloroform with respect to polystyrene

standards.

2,2.4 Structural Determination Data

Figure 2-4 shows the 'H NMR spectra for a typical conversion of monomer le, 12-

methyl-l,22-trieicosadiene, to its unsaturated polymer 2e, and then to its saturated

ADMET polyethylene methyl branch polymer 3e. The olefin region illustrates the

conversion of monomer to unsaturated polymer with the disappearance of the terminal
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olefin at 4.96 and 5.81 ppm in the monomer and the subsequent growth of internal olefin

resonance at 5.37 ppm in the unsaturated polymer 2e. Upon exhaustive hydrogenation,

these olefin resonances completely disappear. The
l3C NMR spectra (Figure 2-5) further

supports the conclusion of exhaustive hydrogenation; note that the sp
2
resonances in the

unsaturated polymer (trans: 130.36 ppm, cis: 129.90 ppm) completely disappear after

hydrogenation giving 3e. These spectra are typical for all the ADMET polyethylenes

synthesized in the series, and they illustrate the degree of structure control that is

possible.

Further, the
13C NMR data exhibited in Figure 2-5 reveal that six sp

3
carbon signals

are present in this polymer, which contains a methyl branch on every 21
st

carbon, an

observation made earlier for the ADMET polyethylene sample possessing a methyl

branch every 9
th

carbon.
39

The chemical shifts observed for polymer 3e were 19.73,

27.1 1, 29.73, 30.05, 32.75, and 37.1
1
ppm, values which are in very good agreement with

the values predicted by Carman, Tarpley, and Goldstein for a series of branched

alkanes.
49

Resolution of chemical shifts apparently extends only to this point since the

entire series of saturated polymers produced in this study, regardless of the number of

methylene spacers, yields the same six chemical shifts. Higher field NMR experiments,

which may further resolve these signals, are presently being investigated.
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Figure 2-4. 'H NMR for a) monomer, 8f b) unsaturated polymer, 2e c) saturated

polymer, 3e.
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a)

W* » 111 iw'

21

Figure 2-5.
I3C NMR spectra for a) unsaturated polymer, 2e b) saturated polymer, 3 e.

These spectral data not only support the primary structure of the repeat unit but also

suggest that no side reactions are detectable within the limitations of the NMR

instrument. Elemental analysis results also show good agreement between theoretical

and experimental values, as do bromine uptake experiments, sensitive to the presence of
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any unsaturation. Infrared spectroscopy of these materials also shows no evidence for the

presence of residual internal olefin, that if present would generate a strong fundamental

absorption between 967-969 cm"
1

,
which corresponds to the out-of-plane (oop) C—

H

bending in the alkene.

Do these methyl branched ADMET polyethylenes possess tacticity? Traditionally,

tacticity in synthetic polymers describes the nature of successive stereocenters placed on

every second or third carbon in the polymer backbone. In this work, the methyl branches

are widely spaced from one another (from 9 to 21 carbons apart) and so the issue of

tacticity is less important. Even so, strictly speaking the tacticity issue applies; however,

the nature of the ADMET polymerization mechanism yields a completely random

distribution of R and S stereocenters which makes these model systems atactic by

definition. Nevertheless, as the thermal data demonstrates, the regular placement of the

methyl branch has given these materials a level of order that allows crystallization to

occur, even in materials with highest levels of branch content. Again, higher field
l3C

NMR as well as x-ray crystallography should allow for a better understanding of the

imposed order in these model systems.

2.2.5 Thermal Analysis: Comparitive Polyethylene Thermal Data

Many different types of PE have been produced since its commercial inception in

the 1930s; however, each type has a unique mode of initiation that leads to distinct

differences in branch identity and branch content. This variation in branching gives rise

to striking differences in the thermal properties of these materials that in turn becomes

very important during materials processing. For the sake of comparison, Table 2-3, vide

infra, compares these various types of PEs descending from the theoretical (infinitely
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long chain, no branching) to varying degrees of branching. Included in this table are two

types ofADMET polyethylene, linear and methyl branched.

Table 2-3. Thermal Data for a Number of Polyethylene Systems.

type of polyethylene
(10

3
g/mole)

methyl

branches per

1 000 carbon

atoms

Tm (°C) Ahm (J/g)

theoretical PEe
24-114 0 141.5-146.5 293

ADMET PEC
2-15 0 131-134 204-252

metallocene PErf

30-1500 0.9-1.

2

137-140

HDPEe
50-250 1-6 133-138 219-245

Brookhart PEfl

14-65 1.2-74 97-132

ethylene/propylene

copolymers^ 20-70 2-100 80-133

LDPEe
20-100 30-60 105-115 95-141

MB ADMET PE^ 8-72 48-111 -14-62 28-103

a
See ref 28i: M. Brookhart's new late transition metal systems using Pd and Ni.

b
See ref 30a:

EP copolymers from the work of Wunderlich.
c
See ref 23: J. E. O'Gara and K. B. Wagener; PE

produced by ADMET polycondensation.
d
See ref 47: Kaminsky, Cecchin, and Zucchini's work

reviews on metallocene PE catalysis.
e
See ref 50: J. D. Hoffman's equilibrium values derived

for an infinitely long PE chain. ^Work in this study—PE model polymers made by ADMET with

precise placement of methyl branches along the backbone.

Differences in melting points are quite interesting to compare. Hoffman’s
503

theoretical polyethylene melt is the highest, followed by linear versions (no branching, or

nearly so), then followed by materials possessing low quantities of random branches

[metallocene PE, high density polyethylene (HDPE), Brookhart PE, then to purposely

branched polymers such as ethylene/propylene (EP) copolymers and low density

polyethylene (LDPE)]. Finally, precisely methyl branched ADMET polyethylene

appears in the table. While the Brookhart polyethylenes are new, the others have been

examined extensively, and in general, the endotherm for a branched polyethylene made
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by chain techniques is broadened in shape and melts at lower temperatures as the methyl

branch content increases.

The situation is decidedly different for precisely branched, ADMET polyethylene.

By comparison, all these endotherms are considerably sharper—some very sharp.

Further, while linear ADMET PE melts in a manner similar to metallocene and HDPE

materials, methyl branched ADMET polyethylene melts at dramatically lower

temperatures, clearly lower than any of the commercially produced polymers. This

change in behavior is attributed to its significantly different, precisely controlled

microstructure where only methyl branches are present; these methyl branches are

precisely—exactly—placed along the backbone. Of course, PE made by chain

propagation possesses randomly placed branches of differing identity (methyls, longer

alkyls, vinyls, allyls, etc.).

2.2.6 Methyl Branched ADMET Polyethylene Melting Behavior

DSC analyses were performed using a Perkin-Elmer DSC 7 at a scan rate of 2

°C/minute. Calibrations were accomplished using indium and />-nitrotoluene as standards

for both peak temperature transitions and heats of fusion. In order to erase thermal

history, each sample was annealed for 5h at 50 °C above the peak melting point found in

initial scans. Complete details of exact scanning procedures may be found in the

experimental section.

Differential scanning calorimetry was employed to determine the melting behavior

of the ADMET polyethylene series, since a great deal of DSC data is present in the

literature for comparison. The random copolymers, such as those made from ethylene

and propylene via Ziegler-Natta catalysis,
303

exhibit a broad, indistinct melting behavior

when the percentage of propylene exceeds approximately 15%.
30a,38h

In comparison, the
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exact placement of a methyl group in ADMET EP copolymer model materials produces

both sharp melting endotherms and recrystallization exotherms; as illustrated in Figure 2-

6 for polymer sample 3e. This sample possesses a methyl branch on each and every 21
st

carbon along the PE backbone (48 methyl branches per 1000 carbon atoms); and it is

important to emphasize that all of the ADMET PEs in this series show similar endotherm

and exotherm shapes.

Figure 2-6. Typical DSC plot illustrating melting endotherm and crystallization

exotherm. DSC for 3e (methyl branch every 21
st
carbon).

Table 2-4 lists DSC data obtained for the methyl branched ADMET model EP

copolymers studied to date. Note that the melting temperatures (Table 2-4) are reported

as onsets and peak maximums, and enthalpy values are quantitative thermodynamic

measurements and are reported in relation to the unit weight.

Several interesting results are observed concerning the melting point behavior of

these precisely placed methyl branched polymers. While the Tm for perfectly linear
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ADMET PE approaches that of other highly linear PEs made by commercial routes,
51 '52 ’

53

the precisely placed methyl group on every 9
th
carbon, polymer (3a), depresses the peak

melting point to -14 °C with a Ahm of 28 J/g. This polymer melts approximately 150 °C

lower than linear ADMET polyethylene and exhibits a heat of fusion approximately

approximately 1 order of magnitude smaller.

Table 2-4. DSC Data for Fully Hydrogenated ADMET Polyethylene Methyl-Branched

Model Polymers.

ADMET
polyethylenes"

methyl

branch

on

every

„
th

carbon

n

methyl

branches

per 1000

carbon

atoms

Tm (°C)

(onset)

Tm (°C)

(peak)
Ahm
(J/g)

3a 9 111 -18 -14 28

3b 11 91 -3 11 66

3c 15 67 35 39 82

3d 19 53 53 57 96

3ds 19 53 49 57 84

3e 21 48 57 62 103

linear ADMET
polyethylene*

0 134 204
a
3a-3e polymerized with Grubbs' [Ru] benzylidene; however, 3ds was prepared using Schrock's

[Mo] alkylidene.
h Made by ADMET of 1,9-decadiene.

23

As the methylene spacing increases between branch points for the methyl branched

ADMET PE series, melting points and heats of fusion increase. This is to be expected,

for as the frequency of comonomer content (methyl/methine mole fraction) decreases, the

percent crystallinity of the polymer sample should increase. The increase in Tm and Ahm

with a decrease in comonomer content indicates that the relative percent crystallinity is
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increasing but still quite distant from the corresponding values for linear ADMET

polyethylene.

The mere presence of a distinct melting point for any of the methyl branched

polymers, and particularly for sample 3a, is a surprising result. Alamo and Mandelkem

have shown that the lack of regularity in ethylene run lengths impacts the nature of the

melting temperature transition,
30d

and model studies by others using chain propagation

techniques illustrate that a completely amorphous polymer is formed when the frequency

of methyl branch is an average of 150 or greater branches per 1000 carbon atoms.
30a,32e

However, in the case of ADMET polyethylene possessing precise spacing, a branch

frequency of 111 methyl branches per 1000 carbon atoms (sample 3a) yields a material

possessing a distinct, sharp melting point. In fact, the breadth of all melt transitions for

the entire series of polymers in Table IV are narrower than those reported for

poly(ethylene-copropylene) samples with comparable comonomer content.
30a ’54

Figure 2-

7 provides a DSC visual overlay for all of the polymer samples described herein.
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Temperature (°C)

Figure 2-7. DSC visual overlay of melt transitions for ADMET polyethylene with

precisely placed methyl branches presented in Table 2-4.

This trend in melting point behavior for methyl branched ADMET polyethylene

illustrates the dependence of melting point on comonomer composition, and this data is

plotted in Figure 2-8 using the Flory equation (Eq. 2-1, below).
55

T =Tm m
1_J^lFv 1

ur’ btCHCHli
A//„,

Equation [2-1]

The equilibrium melting point T°m of theoretical polyethylene is assumed to be

145.5 °C; the equilibrium enthalpy of melting, AH°m is taken as 4.1 kJ/mole of methylene

groups; and Achch3 is the mole fraction of methyl branch moiety in the polymer.

Theoretical data is plotted in comparison with ADMET polymer data that was derived

from a series of five differing comonomer contents.
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Flory Equation Plot

Figure 2-8. Flory equation treatment for the impact of comonomer (defect) content on

the melting point.

Just as the theoretical model predicts, the methyl branched ADMET polyethylene

models give a linear relationship when plotting the melting point depression versus the

increase in comonomer content (CHCHj ). However, the slope and intercept of the line

for methyl branched ADMET polyethylene samples studied here is distinctly different

when compared to the theoretical model for random branching. The discrepancy between

experimental and theoretical data can be expected, for the Flory equation accounts not for

the chemical nature of the comonomer units but only the number of these units in the

polyethylene chain. Nevertheless, the correlation coefficient of 0.998 indicates that these

ADMET polyethylene polymers provide an effective tool for modeling precise methyl

branch placement along the backbone of polyethylene.
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2.2.7 The Glass Transition Behavior of Methyl Branched ADMET Polyethylene

While the relaxation spectra of linear and branched polyethylene have been

extensively examined, ' debate continues on the exact transitions which can be called

the glass transition temperature for this polymer.
57,63

Thermal expansion, calorimetric,

and dynamic mechanical measurements on branched polyethylene all have shown three

distinct relaxation regimes termed a, (3, and y, respectively.

Work completed by various researchers have reported the a relaxation
59,60

at 70 +/-

10 °C, the (3 relaxation
61

at -30 +/- 15 °C and the y relaxation
57,62

at -125 +/- 5 °C. Most

investigators agree that these three transitions exist but cannot agree on the true Tg for

polyethylene. The a relaxation is thought to arise from motions in the crystalline regions

of the polymer (long-spacing growth), while the P transition is attributed to the relaxation

of chain branch regions of the polymer. The y relaxation origin is a topic of considerable

debate; however, it is often described as the consequence of a crankshaft type motion

along a small number of methylene units in the amorphous domains of PE. A study

concerning the relative magnitudes of the P and y relaxation in dynamic mechanical

measurements showed a marked increase in the intensity of the p relaxation as the

number of chain branches increased.
56

This and other observations on ethylene

containing copolymers led experimentalists to view the p relaxation as the primary T
g
of

branched, semicrystalline polyethylene, a result supported by work done by Stehling and

Mandelkem in 1970.
57

Given that methyl branched ADMET polyethylene likely possesses a high

amorphous content, three such polymers

—

3a, 3b, and 3e—ranging from 48 methyls to
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111 methyl branches per 1000 carbon atoms were examined for their glass transition

behavior in the p relaxation region, and the results are displayed in Table 2-5.

Table 2-5. Glass Transition Data for ADMET Polyethylene Model Polymers.

methyl branch on

every n
lh
carbon Tg ACP

polymer

n

(°C) (J/g°C)

3a 9 -44 29

3b 11 -44 28

3e 21 -43 27

The Tg's and changes in specific heat average are -44 °C and 29 J/g °C,

respectively, and are the same for all three samples regardless of running length of the

polyethylene between branch points. This P relaxation is particularly evident in the DSC

spectra of these precisely spaced methyl branched polyethylenes. Figure 2-9 shows one

of the DSC curves, which is essentially identical to what is observed for the other two.

The likely explanation for this behavior relates to the probability that relaxation about the

branch point is quite local in scope such that running polyethylene lengths are not a

factor. These initial glass transition findings are quite intriguing.
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Figure 2-9. Glass transition curve for methyl branched ADMET polyethylene with a

methyl branch on each and every 9
th
carbon (3 a).

2.3 Conclusions

The perfect control of methyl branch placement along the backbone of

polyethylene has a profound influence on the thermal behavior of these PE model

materials. As the methylene spacing between branch points increases, the melting point

and heat of fusion increase. The data correlate well with the Flory relationship,

suggesting that the ADMET polycondensation approach to model branching in

polyethylene offers a sound analytical basis, despite the lower molecular weight ranges

for these step polymers. Initial glass transition data show the p relaxation for

polyethylene is independent of the frequency of branching.

Presently we are continuing this research by gathering x-ray and other scattering

data for these methyl-substituted polymers. Our intention is to better understand the

secondary and tertiary structure of these models. We also are preparing other ADMET
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polyethylenes possessing longer branches (ethyl, butyl, hexyl, etc) in order to model

other common materials such as linear low density PE, metallocenes and the like.

Further, we are probing the glass transition data in more detail.

ADMET chemistry represents the only method to precisely control the identity and

distribution of branches along the backbone of polyethylene. This research will provide

the basis for a better understanding of the morphology, crystalline structure, and

thermodynamics of the crystallization process of the most abundant synthetic

macromolecule in the world, polyethylene.

2.4 Experimental

2.4.1 Instrumentation and analysis.

All *H NMR (300 MHz) and
l3C NMR (75 MHz) spectra were recorded on either a

General Electric QE-Series NMR Superconducting spectrometer system or Varian

Associates Gemini 300 spectrometer. Chemical shifts for 'H and
13C NMRs were

referenced to residual signals from CDCI3 with 0.03% v/v TMS as an internal standard.

Reaction conversions and relative purity of crude reactions were monitored by

chromatography. Gas chromatography (GC) was performed on a Hewlett-Packard

HP5880A gas chromatograph equipped with a methyl silicone capillary column and

flame ionization detector. Thin layer chromatography (TLC) was performed on

Watman™ aluminum backed, 250 mm silica gel coated plates. TLC plates were

developed with mixtures of hexanes and ethyl acetate as the mobile phase. TLC plates

for UV inactive olefin monomers were stained with either potassium permanganate (2%)

in an aqueous solution of sodium bicarbonate (4%) or phosphomolybdic acid (10%) in

ethanol after development to produce a visible signature. Low and high resolution mass

spectral (LRMS and HRMS) data were obtained on a Finnegan 4500 gas
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chromatograph/mass spectrometer using the electron ionization (El) mode. Elemental

analyses were carried out by Atlantic Microlabs Inc., Norcross, GA.

Ester and alcohol intermediates were purified by vacuum distillation from calcium

hydride. Initial purification of monomer was accomplished by simple short path vacuum

distillation. Final purification to yield pure monomer was accomplished by either flash

chromatography
64

using 100% hexanes as the eluent or high performance liquid

chromatography (HPLC) using 99.5% hexanes and 0.5% ethyl acetate as the mobile

phase. HPLC was accomplished using a Ranin instrument equipped with Dynamax SD1

pumps, Dynamax UV-1 variable wavelength UV/VIS absorbance detector and a Varian

Star 9042 Refractive Index (RI) detector in series, and Dynamax FC-1 fraction collector.

Two columns were utilized: 1) analytical or scout scale column with dimensions of 10.0

mm (inner diameter) by 250.0 mm and 2) preparative scale with dimensions of 41.4 mm

(inner diameter) by 250.0 mm. Both columns were silica packed with a particle size of

8pm and a pore size of 60 A. Crude samples were diluted in a 25% solution (w/v) of

HPLC grade hexanes and filtered before injection.

Gel permeation chromatography (GPC) was performed using a Waters Associates

liquid chromatography U6K equipped with a tandem ABI Spectroflow 757 UV

absorbance detector and a Perkin-Elmer LC-25 RI detector. All molecular weights are

relative to polystyrene standards. Polymer samples were dissolved in HPLC grade

CHCI3 (approximately 0.1% w/v) and filtered before injection (a volume of 20-40 pL).

The GPC was equipped with an Ultrastyragel linear mixed-bed column. HPLC grade

chloroform was used as the eluent at a constant flow rate of 1 .0 mL/min. Retention times

were calibrated against narrow molecular weight polystyrene standards (Scientific
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Polymer Products, Inc.). All standards were selected to produce M
p
or Mw values well

beyond the expected polymer's range. A minimum of five data points was acquired to

produce an adequate calibration curve.

Differential scanning calorimetry (DSC) analyses were performed on two separate

instruments. Initial results were obtained on a TA Instruments Model 2910 DSC and

Model 2850 TGA equipped with a Model 2000 data analysis software program. DSC

analyses were obtained at a heating rate of 2 °C/min. Calibrations were made using

indium as the standard for both peak temperature transitions and the heats of fusion. All

samples were prepared in hermetically sealed pans. Attempts were made to keep a small

range on the weight for all polymer samples (approximately 10 mg/sample). Initial scans

were performed to determine the onset and peak melting position for each unannealed

polymer sample. All samples were analyzed using an empty pan as reference and empty

cells as a subtracted baseline. The two lowest melting samples were analyzed from -80

°C to 30 °C, (3a, 3b) and the remainder of the samples (3c-3e) were analyzed from 0 °C

to 80 °C. These melting points were used as guides for annealing in the subsequent DSC

study. Initial melting point and heat of fusion data is given in the experimental for each

polymer. Thermogravimetric analysis (TGA) was also performed. All samples were

heated from room temperature to 800 °C in nitrogen at a scan rate of 10 °C/min. The

onset of weight loss was taken as the initial value.

After initial values for peak melting points were found, a second set of samples

were prepared in a similar fashion to the first set. DSC analyses were performed using a

Perkin-Elmer DSC 7 at a heating rate of 2 °C/min. Indium and p-nitrotoluene were used

as standards for peak temperature transitions, while all enthalpy measurements are based
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on using indium as the single standard. In order to destroy all thermal history, each

sample was annealed for 5h at 50 °C above the peak melting point found in initial scans.

Subsequently, the samples were then cooled at 2 °C/min to approximately one degree

below the onset melt temperature found in the initial DSC measurements. Each sample

was then annealed at this point for 5h. Then, the sample was cooled at 2 °C/min to a

point that was approximately 30 °C below the observed recrystallization temperature,

followed by cooling at 30 °C below the crystallization temperature for 5 min. After

cooling, the sample was heated at 2 °C/min until reaching approximately 30 °C above the

observed melting point and isothermally held for 5 min. Finally, the samples were

scanned for multiple cycles through the same range to verify the results obtained on the

first run. Data collection was taken on the first run. The results are listed in the

experimental and in tabular form within the text. Reported values are given as Tm (peak)

(melting, first order transition peak position), Tm (onset), Tc (peak)(recrystallization, first

order transition peak position). Glass transition temperatures (T
g
's) were taken in the

following manner. Each sample was loaded and annealed for five hours at 50 °C above

the observed melting temperature. Next the sample was rapidly quenched to -80°C (from

50°C above the melt to -80°C in approximately 4 seconds) and isothermally cooled for

fifteen minutes. Finally, the sample was heated at 2 °C/minute from -80 °C to 0 °C.

Reported values are given as Tg
(glass transition)(second order transition) and Cp

(heat

capacity in J/g °C).

2.4.2 Materials.

Grubbs' benzylidene ruthenium catalyst, RuCl2(=CHR)-(PCy3)2 ,
where Cy =

cyclohexyl, and R = phenyl (Figure 2-2), was synthesized using the literature procedure.
9

Schrock's molybdenum catalyst [(CF3)2CH3CO]2(N-2,6-C6H3-i-Pr2)Mo=CHC(CH3)2Ph
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(Figure 2-1), was also synthesized via literature procedure .

7
Acros 60 mesh silica gel was

-3
,

dried under vacuum (<10‘ mm Hg) at 100°C for 24 h and stored in an Argon atmosphere

drybox prior to use in the hydrogenation reactions.

Dimethoxyethane (DME), toluene, and diethyl ether (Et20) were freshly distilled

from Na/K alloy using benzophenone as the indicator. p-Toluenesulfonohydrazide

(TSH) was purchased from Aldrich and recrystallized from CH3OH prior to use.

Tripropylamine (TPA) and o-xylene were purchased from Aldrich and distilled from

CaH2 prior to use. A solution of 2M potassium tert-butoxide (K
+
'Cf'Bu) was prepared in

a flame dried, argon purged Schlenk tube by combining the salt (Aldrich) with DME

freshly distilled from Na/K alloy. 5-bromo-l-pentene, 6-bromo-l -hexene, 8-bromo-l-

octene (Aldrich), 10-bromo-l-decene (Alfa Aesar, Avocado), and 1 1-bromo-l-undecene

were distilled from CaH2 prior to use. The 1 1-bromo-l-decene was synthesized from 10-

undecen-l-ol (Alfa Aesar, Avocado) via literature method (see experimental ).

65
Ethyl

acetoacetate (Aldrich) was also distilled from CaH2 prior to use. 'H NMR and
13C NMR

spectra for ethyl acetoacetate and all alkenyl bromides are provided under the listing of

starting materials. All other reagents mentioned in the experimental were used as

received.

2.4.3 Characterization of starting materials.

Ethyl acetoacetate (Aldrich): ’H NMR (CDCI 3 ): 5 (ppm) 1.29 (t, 3H, -

C(0)0CFI2 C//?), 2.29 (s, 3H, -C(0)CH3), 3.46 (s, 2H), 4.21 (q, 2H, -C(0)0CH2C/73),

12.17 (s, 0.06H, enol contributor);
I3C NMR (CDCI3 ): 5 (ppm) 14.12 (-C(0)0CH2CH 3 ),

30.10 (-C(0)CH3 ), 50.10, 61.30 (-C(0)0CH2CH3 ), 167.22 (-C(0)0CH2CH3 ), 200.74 (-

C(0)CH3 ).
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5

-

bromo- 1 -pentene (Aldrich): 'H NMR (CDCI3): 5 (ppm) 1.95 (m, 2H), 2.21 (m,

2H), 3.41 (t, 2H), 5.05 (m, 2H), 5.79 (m, 1H);
13C NMR (CDC13 ): 5 (ppm) 31.80, 32.06,

33.06, 115.91, 136.74.

6-

bromo- 1 -hexene (Aldrich): 'H NMR (CDCI3): 6 (ppm) 1.52 (m, 2H), 1.87 (m,

2H), 2.09 (m, 2H), 3.40 (t, 2H), 5.03 (m, 2H), 5.82 (m, 1H);
13C NMR (CDC13 ): 5 (ppm)

27.25, 32.07, 32.65, 33.35, 114.82, 137.93.

8-bromo-l-octene (Aldrich): ’H NMR (CDCI3): 8 (ppm) 1.38 (m, br, 6H), 1.86

(m, 2H), 2.05 (m, 2H), 3.40 (t, 2H), 4.97 (m, 2H), 5.80 (m, 1H);
13C NMR (CDC13 ):

8 (ppm) 28.21, 28.77, 28.91, 32.84, 33.82, 33.88, 1 14.20, 139.08.

1 0-bromo- 1 -decene (Alpha Aesar, Avocado):
]H NMR (CDCI3): 8 (ppm) 1.38 (m,

br, 10H), 1.86 (m, 2H), 2.05 (m, 2H), 3.41 (t, 2H), 4.98 (m, 2H), 5.82 (m, 2H);
13C NMR

(CDCI3): 8 (ppm) 28.19, 28.81, 28.94, 29.10, 29.42, 32.87, 33.84, 33.85, 1 14.19, 139.14.

10-

undecene-l-ol (Alpha Aesar, Avocado): ’H NMR (CDCI3): 8 (ppm) 1.24 (m,

br, 12H), 1.58 (m, 2H), 1.82 (s, s, 1H, alcohol), 2.09 (m, 2H), 3.67 (t, 2H), 5.03 (m, 2H),

5.84 (m, 1H)
13C NMR (CDC13 ): 8 (ppm) 25.72, 28.90, 29.06, 29.37, 29.50, 32.78,

33.72, 62.94, 114.04, 139.11.

1 1

-

bromo- 1-undecene .

65 To a flame dried and Ar purged 500 mL 3-neck flask

equipped with a magnetic stir bar were added 20.0 g (1 17 mmol) of 10-undecen-l-ol and

200-250 mL of anhydrous Et20. To this solution was added 77.9 g (235 mmol) CBr4 .

The stirring solution was then cooled to 0 °C and 65.4 g PPh3 (235 mmol) was added in

small increments over a period of 30 min. The solution was allowed to warm to room

temperature and stir for 6 h. The solution had manifested a yellow tint at this point and

was then filtered and the solvent removed under reduced pressure. The resultant residue
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was dissolved in pentane and filtered. The solution was then flash filtered through a short

bed of silica gel and the pentane removed under reduced pressure. This solution was

distilled under vacuum to yield the alkenyl bromide. Yield of 1 1-bromo-l-undecene:

82.7% (Isolated). The following spectral properties were observed. 'H NMR (CDCI3 ):

5 (ppm) 1.35 (m, br, 12H), 1.85 (m, 2H), 2.04 (m, 2H), 3.39 (t, 2H), 4.96 (m, 2H), 5.80

(m, 1H);
13C NMR (CDC13 ): 8 (ppm) 28.20, 28.79, 28.94, 29.11, 29.41, 32.87, 33.83,

33.87, 114.16, 139.13.

2.4.4 Symmetrical monomer synthesis and characterization.

The following set of five monomers were synthesized using an extension of a

methodology presented previously .

34 A sample procedure is given for the first monomer

in the series. Note: Resultsfor 4-8fare not listed since high polymer was not obtained.

2.4.4. 1 Step 1 (One-Pot. Two-Step Synthesis) (Dialkylation of Ethyl Acetoacetate)

Ethyl-2-acetyl-2-(4-pentenyl)-hept-6-en-oate (4a) . A 10.9 g (84 mmol) sample of

ethyl acetoacetate and 200-250 mL of dry DME were placed in a flame dried, argon

purged 500 mL 3-neck flask equipped with a magnetic stirbar and condenser. A 42 mL

portion of a 2M solution of potassium tert-butoxide in DME was then added with stirring.

Upon addition, the solution turned lime-green in color. Due to the exothermic nature, the

reaction mixture was allowed to stand for 30 min. Next, 12.5 g (84 mmol) of dry 5-

bromo-l-pentene was slowly added via syringe over the course of 5-6 min. The reaction

mixture was slowly raised to reflux becoming an orange-brown in color with salt

formation. After 1 8 h (longer halides in this series require up to 24 h of reaction time as

shown by GC), the reaction was allowed to cool to room temperature in preparation for

the second addition of halide. At this point, the reaction mixture was pale yellow in color
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with a white precipitate. The second addition of 42 mL of a 2M solution of potassium

tert-butoxide in DME and 12.5 g (84 mmol) of dry 5-bromo-l-pentene was administered

in the same manner as described above. The reaction was taken to reflux for a period of

26 h (monitored by GC, note that longer halides in this series require up to 36 h of

reaction time for completion). The reaction mixture is cooled to room temperature,

quenched with 3N HC1, and extracted three times with Et20 . The combined ether

extracts were washed with DI H20, dried over MgSC>4 ,
filtered, and finally evaporated

under reduced pressure to yield a yellow-tinted product. Note: the disubstituted P-keto

product was not purified before proceeding to the next reaction. Yield of 4a: 80.0%

(Crude). The following spectral properties were observed: 'H NMR (CDCI 3 ): 5 (ppm)

1.17 (m, br, 4H), 1.26(t, 3H, -C(0)0CH2C7/5), 1.85 (m, br, 4H), 2.05 (q, 4H), 2.11 (s,

3H, -C(0)CH3), 4.19 (q, 2H, -C(0)00/2CH3 ), 4.99 (m, 4H, vinyl CH2 ), 5.76 (m, 2H,

vinyl CH);
13C NMR (CDC13 ): 5 (ppm) 14.11, 23.22, 26.67, 30.73, 33.62, 33.89, 61.17,

63.38, 115.14 (vinyl CH2), 138.01 (vinyl CH), 172.57 (-C(0)0CH2CH3 ), 205.26 (-

C(0)CH3 ); EELRMS: [M + 1]
+
calcd. for Ci 6H2603 : 267, found: 267.

Ethyl-2-acetvl-2-(5-hexenyl)-oct-7-en-oate (4b) . Synthesized as above. Yield of

4b: 81.2% (Crude). The following spectral properties were observed:
]H NMR (CDC13 ):

5 (ppm) 1.01 (m, br, 4H), 1.26(t, 3H, -C(0)0CH2 C77j), 1.42 (m, br, 4H), 1.85 (m, br,

4H), 2.03 (q, 4H), 2.16 (s, 3H, -C(O) CH3), 4.20 (q, 2H, -C(0)0C772CH3 ), 4.98 (m, 4H,

vinyl CH 2 ), 5.79 (m, 2H, vinyl CH);
l3C NMR (CDC1 3 ): not obtained; EI/LRMS: [M +

1]
+
calcd. for CibH3o03 : 295, found: 295.

Ethyl-2-acetyl-2-(7-octenvl)-dec-9-en-oate (4c) . Synthesized as above. Yield of

4c: 80.1% (Crude). The following spectral properties were observed: 'H NMR (CDC1 3 ):
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8 (ppm) 1.09 (m, br, 4H), 1.20(t, 3H, -C(0)0CH2C7/3), 1.34 (m, br, 12H), 1.84 (m, br,

4H), 2.03 (q, 4H), 2.10 (s, 3H, -C(0)CH3), 4.19 (q, 2H, -C(0)0C7/2CH3 ), 4.95 (m, 4H,

vinyl CH2), 5.78 (m, 2H, vinyl CH);
13C NMR (CDCI3): 8 (ppm) 14.13, 23.81, 26.63,

28.87, 29.88, 31.22, 33.80, 61.06, 63.50, 114.32 (vinyl CH2), 138.96 (vinyl CH), 172.69

(-C(0)0CH2CH3 ), 205.33 (-C(0)CH3); EI/LRMS: [M + 1]
+

calcd. for C22H3803 : 351,

found: 351.

Ethvl-2-acetyl-2-(9-decenyl)-dodec-l 1-en-oate (4d) . Synthesized as above Yield

of 4d: 96.2% (Crude). The following spectral properties were observed: ’H NMR

(CDC13 ): 8 (ppm) 1.06 (t, br, 3H, -C(0)0CH2C775), 1-30 (m, br, 24H), 1.79 (m, 4H),

2.07 (q, 4H), 2.11 (s, 3H, -C(0)CH3), 4.19 (q, 2H, -C(0)0C7/2CH3 ), 4.96 (m, 4H, vinyl

CH2 ), 5.80 (m, 2H, vinyl CH);
I3C NMR (CDC13 ): 8 (ppm)14.12, 23.75, 26.65, 27.38,

28.90, 29.28, 29.38, 29.95, 31.10, 33.79, 61.06, 63.49, 114.15 (vinyl CH2), 139.16 (vinyl

CH), 172.75 (-C(0)0CH2CH3 ), 205.62 (-C(0)CH3); EI/LRMS: [M + 1]
+

calcd. for

C26H4603 : 407, found: 407.

Ethyl-2-acetvl-2-(10-undecenyl)-tridec-12-en-oate (4e) . Synthesized as above.

Yield of 4e: 90.3% (Crude). The following spectral properties were observed:
]H NMR

(CDC13 ): 8 (ppm) 1.34 (m, br, 31H), 1.84 (m, br, 4H), 2.03 (q, 4H), 2.10 (s, 3H, -

C(O)CHj), 4.19 (q, 2H, -C(0)0C7/2CH3 ), 4.97 (m, 4H, vinyl CH2), 5.79 (m, 2H, vinyl

CH);
13C NMR (CDC13): 8 (ppm) 14.13, 23.81, 26.62, 27.47, 28.99, 29.17, 29.37, 29.52,

30.02, 31.21, 33.86, 61.01, 63.50, 114.18 (vinyl CH2), 139.10 (vinyl CH), 172.72 (-

C(0)0CH2CH3 ), 205.35 (-C(0)CH3 ); EI/LRMS: [M + 1]
+

calcd. for C28H50O3 : 435,

found: 435.
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2 .4.42 Step 2 (Retro-Claisen Condensation)

Ethyl-2-(4-pentenyl)-hept-6-en-oate (5a) . A 21.81 g sample of crude 4a (82 mmol)

and 125 mL of anhydrous EtOH (Aldrich) were placed in flame dried, Ar purged 500 mL

3-neck round bottom flask equipped with a condenser and stirbar. 125 mL (1.1 mol) of a

21% w/w NaOEt/EtOH solution (Aldrich) was added via cannula to the solution. The

reaction mixture was refluxed 4-6 h (dependent on the monomer). After cooling the

solution to room temperature, the reaction was quenched with water (slowly) and 3N

HC1. The quenched reaction mixture was extracted three times with Et20, washed with

DI H 20, and dried over MgSCL. Finally, the combined organics were distilled and

evaporated under reduced pressure. The product was then placed over CaFl 2 and stirred

overnight. The crude ester over CaH2 was then placed into a vigreux distillation

apparatus, placed under vacuum, and stirred overnight (<10'’mm Hg). Crude ester (5a)

was then distilled with a boiling point of 79-80 °C at 1mm Hg. Yield of ester 5a: 96.2%

(Crude), 62.3% (Isolated). The following spectral properties were observed: 'H NMR

(CDC13 ): 5 (ppm) 1.25 (t, 3H, -C(0)0CH2Ci73), 1.40 (m, br, 6H), 1.61 (m, br, 2H), 2.04

(q, 4H), 2.32 (m, 1H), 4.14 (q, 2H, -C(0)0C772CH3 ), 4.98 (m, 4H, vinyl CH2), 5.76 (m,

2H, vinyl CH);
13C NMR (CDC13 ): 5 (ppm)14.36, 26.68, 31.93, 33.61, 45.47, 60.02 (-

C(0)0CH2CH3 ), 114.65 (vinyl CH2 ), 138.48 (vinyl CH), 176.29 (-C(0)0CH2CH3);

EI/LRMS: [M + 1]
+
calcd. for C14H24O2: 225, found: 225; Elemental analysis calcd. for

C 14H2402 : 74.94 C, 10.79 H; found: 74.97 C, 10.77 H.

Ethyl-2-(5-hexenyl)-oct-7-en-oate (5b). Synthesized as above. Crude ester (5b)

was distilled with a boiling point of 93-94 °C at 1mm Hg. Yield of 5b: 73.5% (Crude),

48.3% (Isolated). The following spectral properties were observed: 'H NMR (CDC13 ):
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8 (ppm) 1.28 (m, br, 11H), 1.65 (m, 4H), 2.02 (q, 4H), 2.31 (m, 1H), 4.15 (q, 2H, -

C(0)0C772CH 3 ), 5.01 (m, 4H, vinyl CH2 ), 5.79 (m, 2H, vinyl CH);
13C NMR (CDC1 3 ):

8 (ppm) 14.02, 14.10, 24.64, 26.67, 28.35, 28.40, 28.45, 28.64, 32.08, 33.30, 34.12,

45.46, 59.84 (-C(0)0CH2CH3 ), 114.12 (vinyl CH2), 138.54 (vinyl CH), 173.35 (-

C(0)0CH2CH3); EI/HRMS: [M + 1]
+
calcd. for C, 6H2802 : 252.2089, found: 252.2089;

Elemental analysis calcd. for Ci6H2g02 : 76.14 C, 1 1.18 H; found: 76.16 C, 1 1.20 H.

Ethyl-2-(7-octenyl)-dec-9-en-oate (5c) . Synthesized as above. Crude ester (5c)

was distilled with a boiling point of 155-156 °C at 1 mm Hg. Yield of 5c: 79.5%

(Crude), 49.9% (Isolated). The following spectral properties were observed: 'H NMR

(CDC13 ): 8 (ppm) 1.14 (m, br, 21H), 1.60 (m, br, 2H), 2.02 (q, 4H), 2.31 (m, 1H), 4.14

(q, 2H, -C(0)00/2CH3 ), 5.04 (m, 4H, vinyl CH2), 5.83 (m, 2H, vinyl CH);
,3C NMR

(CDC13 ): 8 (ppm) 14.31, 27.33, 28.83, 28.91, 29.35, 32.44, 33.69, 45.72, 59.82 (-

C(0)0CH2CH3 ), 114.10 (vinyl CH2), 139.03 (vinyl CH), 176.33 (-C(0)0CH2CH 3 );

EI/HRMS: [M + 1]
+

calcd. for C 2oH3602 : 308.2715, found: 308.2728; Elemental

analysis calcd. for C2oH3602 : 77.85 C, 1 1.77 H; found: 78.00 C, 1 1.70 H.

Ethyl-2-(9-decenyl)-dodec-l 1-en-oate (5d) . Synthesized as above. Crude ester

(5d) was distilled with a boiling point of 170-171 °C at 1 mm Hg. Yield of 5d: 87.2%

(Crude), 56.4% (Isolated). The following spectral properties were observed: 'H NMR

(CDC13 ): 8 (ppm) 1.33 (m, br, 29H), 1.58 (m, br, 2H), 2.02 (q, 4H), 2.27 (m, 1H), 4.13

(q, 2H, -C(0)0C7/2CH 3 ), 4.96 (m, 4H, vinyl CH2), 5.79 (m, 2H, vinyl CH);
l3C NMR

(CDC1 3 ): 8 (ppm) 14.37, 27.44, 28.94, 29.13, 29.43, 29.55, 32.54, 33.83, 45.78, 59.92 (-

C(0)0CH 2CH3 ), 114.13 (vinyl CH2), 139.19 (vinyl CH), 176.62 (-C(0)0CH 2CH3 );
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EI/HRMS: [M + 1]
+

calcd. for C24H44O2 : 365.3419, found: 365.3397; Elemental

analysis calcd. for C24H44O2 : 79.05 C, 12.17 H; found: 79.1 1 C, 12.05 H.

Ethyl-2-(10-decenyl)-tridec-12-en-oate (5e) . Synthesized as above. Crude ester

(5e) was distilled with a boiling point of 90-91 °C at 0.03 mm Hg. Yield of 5e: 85.9%

(Crude), 77.5% (Isolated). The following spectral properties were observed: ’H NMR

(CDCI3): 8 (ppm) 1.37 (m, br, 33H), 1.59 (m, br, 2H), 2.03 (q, 4H), 2.28 (m, 1H), 4.13

(q, 2H, -C(0)0C//2CH3 ), 4.96 (m, 4H, vinyl CH2 ), 5.81 (m, 2H, vinyl CH);
l3C NMR

(CDCI3): 8 (ppm) 14.37, 25.01, 27.47, 28.97, 29.17, 29.29, 29.51, 29.55, 32.57, 33.85,

45.81, 59.92 (-C(0)0CH2CH3 ), 114.13 (vinyl CH2 ), 139.22 (vinyl CH), 176.63 (-

C(0)0CH2CH3); EI/LRMS: [M + 1]
+
calcd. for C26H4802 : 393, found: 393.

2.4.4, 3 Step 3 (Ester Reduction to the Alcohol)

2-(4-pentenyl)-hept-6-en-l-ol (6a) . An 18.1 g (81 mmol) sample of distilled 5a and

200 mL of dry ether were combined in a flame dried, Ar purged three-neck 500 mL

round bottom flask equipped with a stir bar and condenser. This mixture was then cooled

to 0 °C and stirred for 30 min. To this stirring, cooled solution was added 61 mL (3 eq.

of hydride) of 1.0M lithium aluminum hydride (LAH) in Et20 over a period of 5-10 min.

Bubbling was observed during addition. The reaction was allowed to come to room

temperature and stirred for a period of 6-12 h. After transferring to a beaker, DI H2O was

added (Caution: dropwise initially) with stirring to quench the reaction. Upon formation

of a gel-like solution that hinders stirring, 3N HC1 was added to complete the quenching,

dissolving all precipitated salts. The reaction mixture was extracted three times with

Et20, washed with DI H 2O, and dried over MgSCL. The combined organic extracts were

filtered and evaporated under reduced pressure. The product was then placed over CaH2 ,
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stirred overnight, and distilled under reduced pressure using a vigreux column (<10
_1 mm

Hg). Crude alcohol (6a) was distilled with a boiling point of 97-98 °C at 2.2 mm Hg.

Yield of alcohol 6a: 99.8% (Crude), 58.9% (Isolated). The following spectral properties

were observed: 'H NMR (CDCI3): 8 (ppm) 1.38 (m, br, 9H), 1.74 (s, 1H, -CH2O//), 2.04

(q, 4H), 3.53 (d, 2H, -CH2OU ), 4.98 (m, 4H, vinyl CH2), 5.81 (m, 2H, vinyl CH);
13C

NMR (CDCI3): 8 (ppm) 26.23, 30.40, 34.16, 40.36, 65.48 (-CH 2OH), 114.46 (vinyl

CH2 ), 138.90 (vinyl CH); EI/HRMS: [M + 1]
+

calcd. for Ci 2H220: 183.1749, found:

183.1796; Elemental analysis calcd. for C12H22O: 79.05 C, 12.17 H; found: 79.11 C,

12.19 H.

2-(5-hexenyl)-oct-7-en-l-ol (6b) . Synthesized as above. Crude alcohol (6b) was

distilled with a boiling point of 89.5-90.5 °C at 1.5mm Hg. Yield of alcohol 6b: 93.0%

(Crude), 80.2% (Isolated). The following spectral properties were observed: 'H NMR

(CDCI3): 8 (ppm) 1.30 (m, br, 13H), 1.83 (s, 1H, -CH20//), 2.08 (q, 4H), 3.54 (d, 2H, -

CH2OH ), 5.06 (m, 4H, vinyl CH2 ), 5.84 (m, 2H, vinyl CH);
13C NMR (CDC13 ): 8 (ppm)

26.37, 29.30, 30.89, 33.64, 40.61, 65.71 (-CH 2OH), 114.20 (vinyl CH2), 138.96 (vinyl

CH); EI/HRMS: [M + 1]
+
calcd. for Ci 4H260: 211.2062, found: 211.2070; Elemental

analysis calcd. for Ci 4H260: 79.92 C, 12.47 H; found: 79.90 C, 12.47 H.

2-(7-octenyl)-dec-9-en-l-ol (6c) . Synthesized as above. Crude alcohol (6c) was

distilled with a boiling point of 138-139 °C at 1.2 mm Hg. Yield of alcohol 6c: 90.2%

(Crude), 76.6% (Isolated). The following spectral properties were observed: 'H NMR

(CDCI3): 8 (ppm) 1.31 (m, br, 22H), 2.04 (q, 4H), 3.53 (d, 2H, -CH2OH ), 4.97 (m, 4H,

vinyl CH2 ), 5.81 (m, 2H, vinyl CH);
13C NMR (CDC1 3 ): 8 (ppm) 26.88, 28.96, 29.16,

29.95, 30.93, 33.83, 40.54, 65.66 (-CH2OH), 114.18 (vinyl CH2), 139.18 (vinyl CH);
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EI/HRMS: [M + 1]
+
calcd. for C 18H34O: 266.2610, found: 266.2629; Elemental analysis

calcd. for Ci 8H340: 81.12 C, 12.87 H; found: 81.20 C, 12.91 H.

2-(9-decenyl)-dodec-l 1-en-l-ol (6d) . Synthesized as above. Crude alcohol (6d)

was distilled with a boiling point of 173-174 °C at 1.0 mm Elg. Yield of alcohol 6d:

90.8% (Crude), 64.3% (Isolated). The following spectral properties were observed:
]H

NMR (CDCI3 ): § (ppm) 1.37 (m, br, 30H), 2.04 (q, 4H), 3.52 (d, 2H, -CH2OH ), 4.96

(m, 4H, vinyl CH2 ), 5.81 (m, 2H, vinyl CH);
13C NMR (CDC13 ): 8 (ppm) 26.91, 28.96,

29.17, 29.52, 29.61, 30.08, 30.93, 33.85, 40.54, 65.67 (-CH2OH), 114.13 (vinyl CH2 ),

139.22 (vinyl CH); EI/HRMS: [M + 1]
+
calcd. for C22H420: 323.3314, found: 323.3315;

Elemental analysis calcd. for C22H420: 81.91 C, 13.13 H; found: 82.05 C, 13.21 H.

2-(10-undecenyl)-tridec-12-en-l-ol (6el . Synthesized as above. Crude alcohol (6e)

was then distilled with a boiling point of 205-206 °C at 1.0 mm Hg. Yield of alcohol 6e:

94.3% (Crude), 60.7% (Isolated). The following spectral properties were observed: *H

NMR (CDCI3 ): 5 (ppm) 1.30 (m, br, 33H), 1.91 (s, 1H, -CH20i7), 2.03 (q, 4H), 3.54 (d,

2H, -CH2OK ), 4.96 (m, 4H, vinyl CH2), 5.81 (m, 2H, vinyl CH);
13C NMR (CDC1 3 ):

5 (ppm) 15.25, 26.94, 28.99, 29.20, 29.57, 29.67, 30.14, 30.98, 33.88, 40.57, 65.61 (-

CH2OH), 114.13 (vinyl CH2 ), 139.21 (vinyl CH); EI/LRMS: [M + 1]
+
cald. for C24H460:

351, found: 351; EEHRMS: [M + 1]
+
calcd. for C24H460: 351.3627, found: 351.3630;

Elemental analysis calcd. for C24H460: 82.20 C, 13.23 H; found: 82.15 C, 13.20 H.

2.4.4.4 Step 4 (Tosylation of the Alcohol)

6-p-toluenesulfonyl methyl-1,10-undecadiene (7a) . In a flame dried and Ar purged

300 mL 3-neck flask equipped with a stir bar, 13.04 g (72 mmol) of distilled 6a and 100

mL of CHCI3 were added. This solution was cooled to 0 °C followed by the addition of
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1 1.6 mL (11.3 g, 143 mmol) of pyridine. After stirring 20 min., 20.49 g (107 mmol) of

/?-toluenesulfonyl chloride (TsCl) was added with constant stirring. The solution changed

from colorless to a yellow-brown hue after the addition. The solution was then allowed

to warm to room temperature and stirred 12-24 h. (depending on the size of the diene).

The reaction was stopped and washed with 3N HC 1 to neutralize any excess pyridine and

dissolve pyridinium salts. The organic layer was washed with DI H2O and saturated

K2CO3 solution in order to remove unreacted tosyl chloride. The aqueous layers were

extracted three times by CHCI3, washed with DI H2O, and combined with the original

organic layer. The organic layer was dried with MgSC>4 , filtered, and evaporated under

reduced pressure to yield the crude tosylate (7a). The resulting product was a viscous

yellow oil. Attempts to isolate the product were not pursued for fear of elimination of

tosic acid. Therefore, yields for this reaction were not calculated. The following spectral

properties were observed: ’H NMR (CDCI3): 5 (ppm) 1.26 (m, br, 9H), 1.95 (d, br, 4H),

2.43 (s, 3H, methyl), 3.90 (d, 2H, -CH2OTs ), 4.94 (m, 4H, vinyl CH2 ), 5.72 (m, 2H,

vinyl CH), 7.33 (dd, 2H), 7.77 (dd, 2H);
13C NMR (CDC 1 3 ): 5 (ppm) 21.63, 25.70, 33.79,

37.41, 72.59 (-CH2OTs), 114.62 (vinyl CH2 ), 127.02, 127.90, 129.84, 130.27, 138.45

(vinyl CH), 144.67; EI/LRMS: [M]
+
cald. for Q9H28SO3: 336, found: 336.

7-p-toluenesulfonyl methyl- 1,12-tridecadiene (7b) . Synthesized as above. The

following spectral properties were observed: 'H NMR (CDCI3 ): 5 (ppm) 1.25 (m, br,

13H), 1.98 (q, 4H), 2.47 (s, 3H, methyl), 3.91 (d, 2H, -CH2OTs ), 4.95 (m, 4H, vinyl

CH2 ), 5.76 (m, 2H, vinyl CH), 7.37 (dd, 2H), 7.85 (dd, 2H);
13C NMR (CDC1 3 ):

6 (ppm)14.71, 21.61, 25.91, 28.97, 30.40, 33.60, 37.56, 72.68 (-CH2OTs), 114.47 (vinyl
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CH2 ), 127.05, 127.93, 129.80, 130.25, 133.12, 138.77 (vinyl CH), 144.66; EI/LRMS:

[M]
+
calcd. for C21H32SO3 : 364, found: 364.

9-p-toluenesulfonyl methyl- 1,16-heptadecadiene (7c) . Synthesized as above. The

following spectral properties were observed: 'H NMR (CDCI3): 5 (ppm) 1.26 (m, br,

21H), 2.02 (q, 4H), 2.45 (s, 3H, methyl), 3.91 (d, 2H, -CH2OTs ), 4.97 (m, 4H, vinyl

CH2 ), 5.78 (m, 2H, vinyl CH), 7.37 (dd, 2H), 7.79 (dd, 2H);
13C NMR (CDC 1 3 ): 6 (ppm)

21.63, 26.42, 28.88, 29.02, 29.64, 30.60, 33.79, 37.61, 72.81 (-CH2OTs), 114.24 (vinyl

CH2 ), 127.06, 127.95, 129.80, 130.24, 133.10, 139.09 (vinyl CH), 144.66; EI/LRMS:

[M]
+
calcd. for C25H40SO3: 420, found: 420.

1

1-

p-toluenesulfonyl methyl- 1,20-uneicosadiene (7d) . Synthesized as above. The

following spectral properties were observed: 'H NMR (CDCI3 ): 5 (ppm) 1.24 (m, br,

29H), 2.04 (q, 4H), 2.47 (s, 3H, methyl), 3.91 (d, 2H, -CH2OTs ), 4.97 (m, 4H, vinyl

CH2), 5.83 (m, 2H, vinyl CH), 7.34 (dd, 2H), 7.79 (dd, 2H);
13C NMR (CDCI3): not

obtained; EI/LRMS: [M]
+
calcd. for C29H48SO 3 : 476, found: 476.

12-

p-toluenesulfonyl methyl- L22-trieicosadiene (7e) . Synthesized as above. The

following spectral properties were observed: 'H NMR (CDCI3 ): 5 (ppm) 1.26 (m, br,

33H), 2.04 (q, 4H), 2.44 (s, 3H, methyl), 3.91 (d, 2H, -CH2OTs ), 4.96 (m, 4H, vinyl

CH2 ), 5.81 (m, 2H, vinyl CH), 7.37 (dd, 2H), 7.86 (dd, 2H);
13C NMR (CDC13 ): not

obtained; EELRMS: [M + 1]
+
calcd. for C 31H52SO3 : 504, found: 504.

2.4.4.5 Step 5 (Reduction of the Tosylate to Yield the Methyl Branch).

6-methyl- 1,10-undecadiene (la) . In a flame dried and Ar purged 500 mL 3-neck

flask equipped with a stirbar, 20.50 g (61 mmol) of crude 7a and 200 mL of anhydrous

Et20 were added. This mixture was then cooled to 0 °C and stirred for 30 min. To this
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stirring, cooled solution, 91 mL (6 eq. of hydride) of 1.0M LAH in Et20 was added

slowly over a period of 15-20 min; bubbling was observed during the addition. The

reaction was brought to reflux for a period of 24-36 h, cooled, and quenched with DI H2O

(Caution: dropwise initially). Upon formation of a viscous gel, 3N HC1 was used to

complete quenching, dissolving all precipitated salts. The reaction mixture was extracted

three times with Et20, washed with DI H2O, and dried over MgSC>4. Finally, the

combined organic extracts were filtered and evaporated under reduced pressure. The

crude monomer was distilled before performing flash column chromatography or HPLC

(see Section 2.4.1). The crude monomer was placed over CaFE, stirred overnight, and

distilled by vigreux distillation apparatus (3 mm Hg). Crude monomer (la) was distilled

with a boiling point of 55-60 °C at 3.4 mm Hg. Yield of monomer la (based on two

steps from the isolated alcohol): 97.3% (Crude), 43.4% (Isolated). The following spectral

properties were observed: 'H NMR (CDCI3): 5 (ppm) 0.86 (d, 3H, methyl), 1.13 (m,

2H), 1.36 (m, br, 7H), 2.04 (q, 4H), 4.97 (m, 4H, vinyl CH2 ), 5.81 (m, 2H, vinyl CH);
13C

NMR (CDCI3): 5 (ppm) 19.66, 26.44, 32.59, 34.16, 36.53, 114.18 (vinyl CH2 ), 139.22

(vinyl CH); EI/HRMS: [M]
+
calcd. for Ci 2H22 : 166.1722, found: 166.1740; Elemental

analysis calcd. for Ci 2H22 : 86.66 C, 13.34 H; found: 86.70 C, 13.30 H.

7-methyI-1.12-tridecadiene (lb) . Crude monomer (lb) was distilled with a boiling

point of 77-78 °C at 1.2 mm Hg. Yield of monomer lb (based on two steps from the

isolated alcohol): 76.7% (Crude), 36.0% (Isolated). Synthesized as above. The

following spectral properties were observed: 'H NMR (CDCI3): 5 (ppm) 0.83 (d, 3H,

methyl), 1.20 (m, 13H), 2.04 (q, 4H), 4.96 (m, 4H, vinyl CH2 ), 5.80 (m, 2H, vinyl CH);

13C NMR (CDCI3): 5 (ppm) 19.70, 26.59, 29.32, 32.72, 33.89, 36.91, 114.15 (vinyl
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CH2 ), 139.22 (vinyl CH); EI/HRMS: [M]
+

calcd. for C 14H26 : 194.2035, found:

194.2019; Elemental analysis calcd. for CmH^: 86.51 C, 13.49 H; found: 86.70 C,

13.39 H.

9-methyl- 1 , 1 6-heptadecadiene ( 1 c) . Crude monomer (lc) was distilled with a

boiling point of 1 15-1 16 °C at 1.2 mm Hg. Yield of monomer lc (based on two steps

from the isolated alcohol): 89.5% (Crude), 61.1% (Isolated). Synthesized as above. The

following spectral properties were observed: 'H NMR (CDCI3 ): 5 (ppm) 0.83 (d, 3H,

methyl), 1.23 (m, br, 21H), 2.04 (q, 4H), 4.96 (m, 4H, vinyl CH2), 5.81 (m, 2H, vinyl

CH);
13C NMR (CDC13): 5 (ppm) 19.71, 27.04, 29.01, 29.21, 29.88, 32.80, 33.81, 37.1 1,

114.07 (vinyl CH2), 139.21 (vinyl CH); EI/HRMS: [M]
+

calcd. for C I 8H34 : 250.2661,

found: 250.2666; Elemental analysis calcd. for Ci 8H34 : 86.31 C, 13.69 H; found: 86.43

C, 13.63 H.

1 1 -methyl- 1,20-uneicosadiene (Id). Crude monomer (Id) was distilled with a

boiling point of 158-160 °C at 0.5mm Hg. Yield of monomer Id (based on two steps

from the isolated alcohol): 80.4% (Crude), 57.2% (Isolated). Synthesized as above. The

following spectral properties were observed: ’H NMR (CDCI3 ): 8 (ppm) 0.83 (d, 3H,

methyl), 1.13 (br, 2H), 1.27 (br, 27H), 2.03 (q, 4H), 4.96 (m, 4H, vinyl CH2), 5.81 (m,

2H, vinyl CH);
13C NMR (CDC1 3 ): 8 (ppm) 19.73, 27.11, 28.99, 29.20, 29.57, 29.70,

30.05, 32.78, 33.86, 37.12, 114.10 (vinyl CH 2 ), 139.22 (vinyl CH); EI/LRMS: [M]
+

calcd. for C22H42 : 306, found: 306; EI/HRMS: [M]
+
calcd. for C22H42 : 306.3287, found:

306.3295; Elemental analysis calcd. for C22H42 : 86.18 C, 13.82 H; found: 86.16 C,

13.84 H.
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1 2-methyl- 1 ,22-trieicosadiene ( 1 e) . Crude monomer (le) was distilled with a

boiling point of 170-172 °C at 0.5 mm Hg. Yield of monomer le (based on two steps

from the isolated alcohol): 89.7% (Crude), 47.8% (Isolated). Synthesized as above. The

following spectral properties were observed: 'H NMR (CDC13 ): § (ppm) 0.83 (d, 3H,

methyl), 1.13 (br, 2H), 1.26 (br, 31H), 2.03 (q, 4H), 4.96 (m, 4H, vinyl CH2), 5.81 (m,

2H, vinyl CH);
13C NMR (CDC13 ): 5 (ppm) 19.73, 27.12, 28.99, 29.20, 29.57, 29.67,

29.75, 30.07, 32.77, 33.86, 37.12, 114.09 (vinyl CH2), 139.22 (vinyl CH); EI/HRMS:

[M]
+

calcd. for C24H46 : 334.3599, found: 334.3564; Elemental analysis calcd. for

C24H46 : 86.13 C, 13.87 H; found: 86.08 C, 13.92 H.

2.4.5 ADMET polymerizations of symmetrical methyl branch monomers la-le.

All glassware was thoroughly cleaned and flame dried under vacuum prior to use.

The monomers were degassed and distilled from CaH2 prior to polymerization. All

metathesis reactions were initiated in the bulk, inside an Argon atmosphere glove box.

Monomers were placed in 25 or 50 mL round-bottomed flasks equipped with a magnetic

Teflon™ stirbar. The flasks were then fitted with an adapter equipped with a Teflon™

vacuum valve. The adapter allows direct attachment to the vacuum line or Schlenk hose

(depending on attachment design). Monomer to catalyst ratios typically used were 200-

500:1. After addition of catalyst, slow to moderate bubbling of ethylene was observed.

The sealed reaction vessel was removed from the drybox and immediately placed on the

vacuum line. The reaction vessel was then exposed to intermittent vacuum while stirring

in an oil bath at 40-50 °C until the viscosity increases. Generally after 4 h, the

polymerization was exposed to full vacuum (<10
_1 mm Hg) and then high vacuum (<10‘3

mm Hg) for a period of 48 h at 60 °C. The reaction vessel is then cooled to room
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temperature. The unsaturated polymer is hydrogenated using one of two methods (vide

infra).

2.4.5. 1 Polymerization of 6-methyl- 1,10-undecadiene (2a)

Monomer la was synthesized as previously described. 1.4g (8.4 mmol) of

monomer la was combined with 0.028g (3.41 x 10° mol) of Grubbs’ benzylidene

catalyst. The reaction was not quenched before proceeding to the hydrogenation reaction

(246:1). The following spectral properties were obtained for the unsaturated polymer:

‘H NMR (CDCIj): 5 (ppm) 0.84 (d, 3H, methyl), 1.11 (br, 2H), 1.30 (br, 7H), 1.97 (br,

4H), 5.36 (m, br, 2H, internal olefin);
13C NMR (CDC13 ): 5 (ppm) 19.69, 27.12, 27.23,

27.53, 32.59, 32.95, 36.58, 36.70, 129.92 (cis olefin), 130.39 (trans olefin).
I3C NMR

(CDCI3) integration of cis:trans peaks gives: 23:77. GPC data: Mn = 22 800; P.D.I.

(Mw/M„) = 2.0.

2.4.5.2 Polymerization of 7-methyl- 1,1 2-tridecadiene (2b)

Monomer lb was synthesized as previously described. 1.6g (8.2 mmol) of

monomer lb was combined with 0.018 g (2.2 x 10'5 mol) of Grubbs’ benzylidene catalyst

(372: 1). The reaction was not quenched before proceeding to the hydrogenation reaction.

The following spectral properties were obtained for the unsaturated polymer: 'H NMR

(CDCI3): 5 (ppm) 0.83 (d, 3H, methyl), 1.19 (br, 13H), 1.97 (br, 4H), 5.36 (m, br, 2H,

internal olefin);
13C NMR (CDC13 ): 8 (ppm) 19.72, 27.08, 29.26, 29.70, 29.81, 29.92,

32.65, 32.75, 37.11, 129.89 (cis olefin), 130.36 (trans olefin).
13C NMR (CDC1 3 )

integration of cis:trans peaks gives: 25:75. GPC data: Mn = 8000; P.D.I. (Mw/Mn)
= 1.7.
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2 .4 . 5.2 Polymerization of 9-methyl- 1,1 6-heptadecadiene (2c)

Monomer lc was synthesized as previously described. 1.3 g (5.0 mmol) of

monomer lc was combined with 0.021 g (2.6 x 10'5
mol) of Grubbs' benzylidene catalyst

(192:1). The reaction was not quenched before proceeding to the hydrogenation reaction.

The following spectral properties were obtained for the unsaturated polymer: 'H NMR

(CDC13 ): 5 (ppm) 0.84 (d, 3H, methyl), 1.08 (br, 2H), 1.26 (br, 19H), 2.03 (br, 4H), 5.38

(m, br, 2H, internal olefin);
13C NMR (CDC13 ): 5 (ppm) 19.72, 27.08, 27.23, 29.26,

29.38, 29.70, 29.81, 29.92, 32.65, 32.75, 37.11, 129.89 (cis olefin), 130.36 (trans olefin).

13C NMR (CDCI3) integration of cis:trans peaks gives: 26:74. GPC data: Mn = 15 700;

P.D.I. (Mw/Mn)= 1.7.

2.4.5.4 Polymerization of 1
1 -methyl- 1,20-uneicosadiene (2d)

Monomer Id was synthesized as previously described. 2.1 g (6.8 mmol) of

monomer Id was combined with 0.026 g (3.2 x 10'5 mol) of Grubbs benzylidene catalyst

(215:1). The reaction was not quenched before proceeding to the hydrogenation reaction.

The following spectral properties were obtained for the unsaturated polymer: 'H NMR

(CDC13): 5 (ppm) 0.83 (d, 3H, methyl), 1.07 (br, 2H), 1.26 (br, 27H), 2.01 (br, 4H), 5.38

(m, br, 2H, internal olefin);
13C NMR (CDC13 ): 5 (ppm) 19.72, 27.11, 27.21, 29.22,

29.34, 29.58, 29.72, 30.05, 32.63, 32.77, 37.12, 129.89 (cis olefin), 130.36 (trans olefin).

I3C NMR (CDCI3) integration of cis:trans peaks gives: 17:83. GPC data: Mn = 11 300;

P.D.I. (Mw/Mn)= 1.9.

2.4.5. 5 Polymerization of 1
1 -methyl- 1,20-uneicosadiene (2ds)

Monomer Id was synthesized as previously described. 2.2 g (7.1 mmol) of

monomer Id was combined with 0.011 g (1.4 x 10~5
mol) of Schrock's catalyst (507:1).
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The reaction was quenched by exposing it to the air before proceeding to the

hydrogenation reaction. The following spectral properties were obtained for the

unsaturated polymer: 'H NMR (CDC13 ): 8 (ppm) 0.83 (d, 3H, methyl), 1.08 (br, 2H),

1.26 (br, 27H), 2.02 (br, 4H), 5.37 (m, br, 2H, internal olefin);
13C NMR (CDCI3):

8 (ppm) 19.72, 27.09, 27.21, 29.21, 29.34, 29.57, 29.72, 30.05, 32.63, 32.76, 37.12,

129.89 (cis olefin), 130.36 (trans olefin).
13C NMR (CDCI3) integration of cis:trans

peaks gives: 21:79. GPC data: Mn = 78 100; P.D.I. (Mw/Mn) = 1.9.

2.4.4.6 Polymerization of 1 2-methyl- 1,22-trieicosadiene (2e)

Monomer le was synthesized as previously described. 1.6 g (4.8 mmol) of

monomer le was combined with 0.028 g (3.4 x 1(T
5
mol) of Grubbs benzylidene catalyst

(141:1). The reaction was not quenched before proceeding to the hydrogenation reaction.

The following spectral properties were obtained for the unsaturated polymer: 'H NMR

(CDC13 ): 8 (ppm) 0.83 (d, 3H, methyl), 1.08 (br, 2H), 1.26 (br, 31H), 2.02 (br, 4H), 5.37

(m, br, 2H, internal olefin);
13C NMR (CDC13 ): 8 (ppm) 19.73, 27.14, 29.22, 29.35,

29.58, 29.70, 29.76, 30.08, 32.65, 32.78, 37.14, 129.90 (cis olefin), 130.36 (trans olefin).

13C NMR (CDCI3) integration of cis:trans peaks gives: 20:80. GPC data: Mn = 20 200;

P.D.I. (Mw/Mn) = 1.7.

2.4.6 Hydrogenation of polymers 2a-2e. Watson’s supported catalyst system.

2.4.6. 1 Synthesis and Characterization of 3a.

A supported catalyst system developed by Watson was used to complete the

hydrogenation of these systems.
33,45

Unsaturated polymer 2a was taken into an argon

atmosphere drybox. The tacky, rubbery polymer was removed from its original flask,

sliced into smaller pieces, and placed into a high-pressure, glass-walled reactor with a
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threaded top and equipped with a disposable magnetic stir bar. The unsaturated polymer

and 2.8 g of silica gel were added (amount of silica gel is normally 100 times the weight

of catalyst originally used). The three substances were then kneaded, mixed, and formed

into a ball-like structure using a spatula. Finally 20 mL of dry toluene was added. The

reaction vessel was then sealed with a Teflon
IM

cap affixed with a high-pressure valve

attachment and pressure gauge. The reaction vessel was removed from the drybox,

connected to a hydrogen tank, and charged with 125 psi of H2 . The reaction was then

stirred and heated at 80-85°C for 48 h, then cooled to room temperature. The

hydrogenated polymer 3a was obtained by filtration of the silica and other particulate

matter, and finally evaporation of the reaction solvent under reduced pressure. The

polymer was then dried in vacuo (1 mm Hg) overnight. Polymer 3a was then dissolved

in toluene and precipitated into cold CH3OH. 3a Yield: 65% (after precipitation). The

following spectral properties were obtained for the saturated polymer: 'H NMR (CDC13 ):

5 (ppm) 0.83 (d, 3H, methyl), 1.08 (br, 2H), 1.26 (br, 15H);
13C NMR (CDC1 3 ): 8 (ppm)

19.73, 27.11, 29.78, 30.07, 32.77, 37.12. Elemental analysis calcd. for repeat unit

(CioH20)n : 85.62 C, 14.38 H; found: 85.58 C, 14.41 H. GPC data: Mn = 17 500; P.D.I.

(Mw/Mn )
= 1.7. Initial DSC Results (Samples Not Annealed): Tm(peak) = -12 °C, AHf =

37 J/g. DSC Results (Annealed Samples): Tm(onset) = -18 °C, Tm(peak) = -14 °C, AH f =

28 J/g; Tc(onset)
= -22 °C, Tc(peak) = -24 °C, AHf = 25 J/g. Glass Transition

Temperature Data: Tg
= -44 °C, ACP = 28 J/g°C. Thermogravimetric Analysis (TGA)

(onset of wt. loss) = 416.52 °C.
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2.4.6.2 Synthesis and Characterization of 3b.

Synthesized as above. 3b Yield: 69% (after precipitation). The following spectral

properties were obtained for the saturated polymer: ’H NMR (CDCI3 ): 8 (ppm) 0.83 (d,

3H, methyl), 1.08 (br, 2H), 1.26 (br, 19H);
,3C NMR (CDC13 ): 8 (ppm) 19.73, 27.12,

29.76, 30.07, 32.77, 37.12. Elemental analysis calcd. for repeat unit (Ci 2H24)n : 85.62 C,

14.38 H; found: 85.57 C, 14.38 H. GPC data: Mn = 8500; P.D.I. (Mw/Mn )
= 1.8. Initial

DSC Results (Samples Not Annealed): Tm(peak) = 14 °C, AHf = 51 J/g. DSC Results

(Annealed Samples): Tm(onset) = -3 °C, Tm(peak) = 1 1 °C, AHf = 66 J/g; Tc(onset) = 0

°C, Tc(peak) = -2 °C, AHf = 63 J/g. Glass Transition Temperature Data: T
g
= -44 °C, ACP

= 28 J/g°C. Thermogravimetric Analysis (TGA) (onset of wt. loss) = 435.27 °C.

2.4.6.3 Synthesis and Characterization of 3c.

Synthesized as above. 3c Yield: 73% (after precipitation). The following spectral

properties were obtained for the saturated polymer: 'H NMR (CDCI3 ): 8 (ppm) 0.83 (d,

3H, methyl), 1.07 (br, 2H), 1.29 (br, 27H);
13C NMR (CDC13 ): 8 (ppm) 19.75, 27.12,

29.75, 30.08, 32.77, 37.14. Elemental analysis calcd. for repeat unit (C^^),,: 85.62 C,

14.38 H; found: 85.43 C, 14.30 H. GPC data: Mn = 17 100; P.D.I. (Mw/Mn )
= 1.7.

Initial DSC Results (Samples Not Annealed): Tm(peak) = 39 °C, AHf = 71 J/g. DSC

Results (Annealed Samples): Tm(onset) = 35 °C, Tm(peak) = 39 °C, AHf = 82 J/g;

Tc(onset) = 32 °C, Tc(peak) = 31 °C, AHf = 83 J/g. Thermogravimetric Analysis (TGA)

(onset of wt. loss) = 447.32 °C.
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2 .4 . 6.4 Synthesis and Characterization of 3d.

Synthesized as above. 3d Yield: 71% (after precipitation). The following spectral

properties were obtained for the saturated polymer: 'H NMR (CDCI3 ): 8 (ppm) 0.82 (d,

3H, methyl), 1.24 (br, 37H);
13C NMR (CDC1 3 ): 5 (ppm) 19.73, 27.12, 29.73, 30.06,

32.78, 37.13. Elemental analysis calcd. for repeat unit (C2oH4o)n : 85.62 C, 14.38 H;

found: 85.39 C, 14.38 H. GPC data: Mn = 17 400; P.D.I. (Mw/Mn)
= 1.6. Initial DSC

Results (Samples Not Annealed): Tm(peak) = 57 °C, AHf =107 J/g. DSC Results

(Annealed Samples): Tm(onset) = 53 °C, Tm(peak) = 57 °C, AHf = 96 J/g; Tc(onset) = 53

°C, Tc(peak) = 51 °C, AHf = 99 J/g. Thermogravimetric Analysis (TGA) (onset of wt.

loss) = 444.64 °C.

2.4.6.5 Synthesis and Characterization of 3e.

Synthesized as above. 3e Yield: 77% (after precipitation). The following spectral

properties were obtained for the saturated polymer: ’H NMR (CDCI3 ): 5 (ppm) 0.84 (s,

br, 3H, methyl), 1.25 (br, 41H);
13C NMR (CDC13 ): 8 (ppm) 19.73, 27.11, 29.73, 30.05,

32.75, 37.11. Elemental analysis calcd. for repeat unit (C22H44)n : 85.62 C, 14.38 H;

found: 85.26 C, 14.32 H. GPC data: Mn = 17 500; P.D.I. (Mw/Mn)
= 1.7. Initial DSC

Results (Samples Not Annealed): Tm(peak) = 63 °C, AHf = 100 J/g. DSC Results

(Annealed Samples): Tm(onset) = 57 °C, Tm(peak) = 62 °C, AHf = 103 J/g; Tc(onset) = 60

°C, Tc(peak) = 56 °C, AHf = 102 J/g. Glass Transition Temperature Data: Tg
= -42 °C,

ACP = 27 J/g°C. Thermogravimetric Analysis (TGA) (onset of wt. loss) = 448.35 °C.
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2.4.7 Hydrogenation of polymer 2ds. Modified diimide method.

2.4.7. 1 Synthesis and Characterization of 3ds.

The procedure given here has been adapted from a modified diimide

reaction.
38b '38c ’

46
The hydrogenation was performed in a flame dried, Ar purged 100 mL

3-neck round-bottom flask equipped with a reflux condenser and Teflon
IM

magnetic

stirbar. To this vessel was added 400 mg (1.3 x 10'3
mol) of 2ds, 40 mL of dry o-xylene,

608 mg (2.5 eq) of TSH, and 467 mg (or 0.62 mL, 2.5 eq) of TPA. The solution was

heated to reflux and maintained for 6 h with vigorous stirring. Gas evolution was

observed upon heating. The solution was then cooled to room temperature and an

additional 2.5 eq. ofTSH and TPA was added. The solution was brought to reflux for an

additional 6 hr period and then cooled to room temperature. Finally, the reaction mixture

was precipitated directly into cold CH3OH giving a rubbery white solid. The polymer

was placed in a flask under vacuum (1 mm Hg) overnight at 60 °C. The resultant product

was cooled and isolated as a hard, milky film. 3ds Yield: 92% (after precipitation). The

following spectral properties were obtained for the saturated polymer: *H NMR (CDCI3):

5 (ppm) 0.83 (d, 3H, methyl), 1.24 (br, 37H);
13C NMR (CDC1 3 ): 6 (ppm) 19.73, 27.11,

29.73, 30.07, 32.78, 37.12. Elemental analysis calcd. for repeat unit (C2oH4o)n : 85.62 C,

14.38 H; found: 85.41 C, 14.26 H. GPC data: Mn = 72,000; P.D.I. (Mw/Mn )
= 1.9.

Initial DSC Results (Samples Not Annealed): Tm(peak) = 57 °C, AHf = 84 J/g. DSC

Results (Annealed Samples): Tm(onset) = 49 °C, Tm(peak) = 57 °C, AHf = 86 J/g;

Tc(onset) = 51 °C, Tc(peak) = 49 °C, AHf = 82 J/g. Thermogravimetric Analysis (TGA)

(onset of wt. loss) = 447.50 °C.



CHAPTER 3

THERMAL BEHAVIOR OF MODEL ETHYLENE/PROPYLENE COPOLYMERS
WITH PRECISE METHYL BRANCH PLACEMENT

3.1 Introduction

Polyethylene (PE), the most abundant synthetic macromolecule produced in the

world today,
66

is a polymer which comprises a variety of commercial products such as

low density polyethylene (LDPE);
25

high density polyethylene (HDPE);
26

’
67

linear low

density polyethylene (LLDPE);
68 " 71

as well as high and ultra high molecular weight

polyethylene (HMWPE and UHMWPE). 72
It is evident that the term polyethylene refers

to not just a single structure but to a class of ethylene-based materials exhibiting a wide

range of compositions and properties.

Ultimately, the enormous commercial success of this class of polymeric materials

can be attributed to two main factors: (1) the raw materials on which these polymers are

based are readily available and non-expensive, and (2) excellent opportunities exist for

varying the chain macro- and microstructures merely by altering the

process/polymerization conditions used to produce the end product. To be sure, the

ability to fine-tune a given polymer’s structure-property relationship remains an

important academic and industrial aspiration. Without a doubt, the introduction of branch

points (or defects) along the backbone provides the easiest method by which to modify

the final physical properties of ethylene-based polymers.

Various possibilities exist during ethylene polymerization to insert a particular

branch (or branches) along the chain stem(s), depending on the type of polymerization

74
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method used. For example, LDPEs, or high-pressure polyethylenes, are produced

radically under various reaction conditions and naturally contain a high branch content

due to radical backbiting (30-60 branches/1000 carbons). On the other hand, HDPEs, or

low-pressure polyethylenes, made by either Ziegler-Natta (Z-N) or metallocene catalyst

systems, are materials containing very low branch contents (1-6 branches/ 1000 carbons);

this lower branch content, when compared to LDPE, is due to both the lower pressures

utilized during polymerization as well as the mechanistic differences during propagation

(branch content is dependent on catalyst nature and the number of catalyst mistakes in

HDPE). Recently, late transition metal catalysis, which also operates by chain-addition

chemistry, has been used to create PEs with various architectures (different branch

lengths and sequence distributions along the backbone).

The most facile method to place a branch of known identity along the backbone of

PE is found in commercial LLDPE production via Ziegler-Natta ' or metallocene

catalysis. LLDPE is produced by the copolymerization of ethylene with a given alpha-

olefin (i.e. propene, butene, hexene, and octene) to create a polymer with known branch

length (methyl, ethyl, butyl, and hexyl branches; respectively). Because the physical

properties of PE are heavily influenced by the nature and quantity of branching,

considerable research over the last 60 years has been dedicated towards understanding the

influence of branching on the final physical properties polyolefins.
92 '93

While such factors as mode of polymerization (radical, Z-N, etc.), choice of

catalyst, reaction temperature, and molecular weight are important, the distribution and

the amount of short-chain branching (SCB) content are the most influential factors in

determining the final materials response for ethylene/«-olefm copolymers.
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Due to chain transfer, the formation of branches along the main chain of the

polymer is an uncontrolled event in all of the aforementioned systems. Chain transfer

(CT) leads to high molecular weight distributions, heterogeneous comonomer

distribution, and unwanted branching, leading to both single-chain (intramolecular) and

between-chain (intermolecular) structural variations. This is not to say that chain transfer

is unwanted; in fact, CT is exploited industrially to create a library of LLDPEs possessing

a plethora of final materials responses, with the branches created in this manner being

random in nature. A number of thermal behavior studies concerning randomly branched

ethylene/a-olefin copolymers have attempted to understand how the branch content, size,

and incorporation influence a given LLDPE’s final physical properties.
96

Recently, we reported a method to eliminate CT as well as the random nature of

branching in ethylene/a-olefin materials by using the clean polycondensation chemistry

offered by acyclic diene metathesis (ADMET). 20 ’33 ’97 ’98 ADMET creates ethylene/a-

olefin systems with both a homogeneous composition distribution of branches and well-

controlled polydispersity (P.D.I. ~ 2.0), which presents an opportunity to investigate the

physical properties of ethylene/a-olefin copolymers with narrow composition

distribution. This chemistry facilitates study of the roles SCB and short-chain branching

distribution (SCBD) play in the ultimate materials response of ethylene/a-olefin systems.

Most recently, a series of five ethylene/propylene (EP) copolymers was synthesized and

studied in which a methyl branch was precisely placed on each and every 9
th

, 11
th

, 15
th

,

19
th

,
and 21

st
carbon along the backbone of PE (HP9, HP11, HP15, HP19, and HP21).

Here, HP is an acronym for hydrogenated polymer and the number refers to the nth
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carbon on which the branch is precisely placed}
0 A general retro-synthetic scheme for

this new class of E/P copolymers is shown below (Figure 3-1).

Figure 3-1. Retro-Synthetic Methodology to Produce E/P Model Copolymers via

ADMET.

Herein, we examine thermal behavior for these model systems as measured by

differential scanning calorimetry (DSC) analysis. In particular, topics addressed include

the determination of the degree of mass crystallinity; importance of thermal

aging/history; dependence of scan rate on melting and crystallization kinetics; and the

estimation of ‘equilibrium’ melting and crystallization temperatures.

3.2 Experimental

3.2.1 Materials

All ADMET model EP copolymers were synthesized as previously described.
20

UHMWPE, HDPE, LDPE (Aldrich Chemical Company); and LLDPE (BASF) are used

to demonstrate the difference in calorimetric traces for different types of PE. BASF

1800D (ill-defmed number of methyl branches/1000 carbons) and BASF 1810H (33

methyls/1000 carbons) are commercial LLDPEs used to compare EP copolymers with

statistically branched systems versus the precisely-placed methyl branched materials

produced by ADMET.

3.2.2 Differential Scanning Calorimetry (DSC)

3.2.2.1 Initial studies on HP9, HP11, HP15, HP19, and HP21.

DSC analyses were performed using a Perkin-Elmer DSC 7 at a heating rate of 2

°C/min. Thermal calibrations were completed using indium and p-nitrotoluene as
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standards for both onset melt temperature transitions as well as for heats of fusion. In

order to destroy all thermal history, each sample was annealed for 5 h at 50 °C above the

peak melting point found in the initial scans. Subsequently, the samples were cooled at 2

°C/min to approximately ten degrees below the onset melt temperature found in initial

DSC measurements. Each sample was then annealed at this point for 5 h. The sample

was next cooled at 2 °C/min to a point approximately 30 °C below the observed

recrystallization temperature, followed by isothermal holding at 30 °C below the

crystallization temperature for 5 min. After cooling, the sample was heated at 2 °C/min

until reaching approximately 30 °C above the observed melting point, followed by

isothermal heating for 5 min. Finally, the samples were scanned for multiple cycles

through the same range to verify the results obtained on the first run. Data collection was

taken on the first run. The results are listed in graphs or by tabular form within the text.

Reported values are given as Tm (peak)(melting, first order transition peak position), Tm

(onset), Tc (peak) (recrystallization, first order transition peak position). Glass transition

temperatures (Tg's) were taken in the following manner. Each sample was loaded and

annealed for five hours at 50 °C above the observed melting temperature. Next the

sample was rapidly quenched to -80 °C (from 50 °C above the melt to -80 °C in

approximately 4 seconds) and isothermally held for fifteen minutes. Finally, the sample

was heated at 2 °C/minute from -80 °C to 0 °C. Reported values are given as Tg (glass

transition)(second order transition) and Cp
(heat capacity in J/g °C).

37

3.2. 2.2 Extended studies on HP9, HP15, HP21.

In order to further probe the thermal behavior of these systems, a detailed study

was performed on three polymers in this series comprising the lowest, middle, and

highest values for the methylene sequence length (MSL) between branch points. The E/P
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model copolymers studied have a methyl branch on every 9
th

,
15

th

,
and 21

st
carbons along

the backbone.

Calorimetric analyses were again performed using a Perkin-Elmer DSC 7;

however, measurements were made more efficient with both an upgrade from UNIX-

based to Pyris Software for Windows (Copyright © 1999 Perkin Elmer LLC) as well as

through the aid of an attached CCA 7 Controlled Cooling Accessory, thereby, enabling

more efficient block heating/cooling. The measuring block and surrounding glove box

were flushed with nitrogen (alumina column dried). Helium (alumina column dried) was

used as the carrier gas due to the extreme subambient temperatures involved. Thermal

calibrations were completed using indium and n-octane as standards for onset melting

temperature transitions; indium was also used as the enthalpy calibration standard. In

order to examine finer detail, sample weights were decreased greatly when compared to

initial studies. Typically, weights ranged in the order of 1.40 to 2.50 (+/- 0.01)

milligrams. No attempts were made to hot press the samples into thin films prior to the

first heating/cooling scan; therefore, exact film thickness in the DSC sample pan was

unknown. An empty pan measurement was subtracted from each DSC run. Scans were

isothermally held for 1 minute at 60-120 °C below the peak melt found in Section 3.2.2.

1

Subsequently, the sample was heated at 20 °C/min to a point 80 °C above the peak

melting point and isothermally held for 1 minute. The cooling curve was performed in a

similar manner to an endpoint where the sample was isothermally held at 60-120 °C

below the peak crystallization temperature for 1 minute. This process was repeated for at

least 3 scans with data collection taken on the 3
rd

scan (not the case for annealing

experiments which are collected on the first scan). The scan rate of 20 °C/min was used
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as the standard because observed heat flow differences were more dramatic concerning

secondary endo/exothermic processes, thermal aging effects, etc. In fact, several scan

rates were used and the differences are discussed below.

3.2.2.3 Crystallinity determination.

Degree of crystallinity values were derived on the basis of previous studies

completed by Wunderlich." Typically, olefin-based polymers with high comonomer

content produce DSC endotherms that exhibit a flattened, broad characteristic. In fact,

sometimes there is no discemable peak melt. This broad melting occurs as a result in the

higher population of imperfect crystals; however, this leads to considerably larger

deviations in baseline choice when calculating percent crystallinity. This greatly

decreases accuracy when attempting calorimetric crystallinity determination for

statistically branched materials with high defect contents. However, Mathot and

coworkers have developed a second method using heat capacity measurements to obtain

extrapolated values for crystallinity in this regard; and should be consulted for those

attempting to calculate crystallinities for randomly branched systems.
100 ' 102

Fortunately, ADMET model systems exhibit sharp, distinct melting and

crystallization curves when compared to equivalent counterparts produced by chain

chemistry, as previously discussed.
20

The following relationship found by Wunderlich"

(Eq. 3-1) was employed to calculate crystallinities (wc) for the E/P copolymer models

made via ADMET.

Wt
=
Ah f

Ahf

Equation [3-1]

Where the melting peak area (Ah'j) is determined above the baseline in an attempt

to exclude the contribution from the heat capacity. This value is then compared to the
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heat of fusion for completely crystalline PE (Ah/). The A/z/value for completely

crystalline PE was found by extrapolation to be approximately 293 J/g (70 cal/g).
99

3.2.2.4 Scan rate dependence versus melting/crystallization temperature.

The melting behavior of a semicrystalline material is as important as crystallization

in understanding the effect a material’s structure has on the phase transition process. A

material’s melting behavior provides clues regarding the structure and characteristics of

crystals formed during crystallization.

When consulting thermal behavior literature, scan rate dependence is highly

overlooked when making calorimetric measurements. Different scan rates may make

small changes in the peak values for endo/exotherms; however, by varying the scan rate,

we have also noticed subtle differences in the non-isothermal crystallization and melting

processes for the ADMET EP models studied herein. The melting curve for each sample

(HP9, HP15, and HP21) was measured at 2 °C/min, 5 °C/min, 10 °C/min, and 20 °C/min.

In turn, the cooling curves were obtained in a similar fashion. The peak

melting/crystallization values were found at numerous scan rates in order to determine a

value for the ‘equilibrium melting point’, Tm°, and ‘equilibrium crystallization point’, Tc
°,

for each polymer. These values become very important when attempting to crystallize

these materials from solution.

3.2.2.5 Thermal history.

Thermal history/annealing effects for polyolefin materials have been observed

previously,
88,96h,l03 ' 10(

’ but the exact structural changes which lead to perturbations in

melting endotherms is still a highly debated topic. Thermal aging studies have been

directed towards HP15 and HP21. The thermal history of HP15 and HP21 were studied

extensively at room temperature as a function of time (unlike preliminary measurements
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where all thermal history was erased prior to calorimetric data collection). Measurements

were taken at various annealing times ranging from 1-3 hours; 1-2 days; 1 week; and 10-

18 months. Interestingly, the pre-melting region was highly affected; but most

importantly, the presence of a secondary endotherm was also observed. This bimodal

thermal behavior is discussed in further detail later in this text. HP9 exhibits the same

behavior; however, attempts to anneal this system at a controlled temperature for

extended periods of time proved extremely difficult since the polymer has a melting point

of-14 °C.

3.2.2.6 Isothermal crystallization (annealing) time effect.

Nucleation and crystal growth are the initial mechanism by which crystal formation

occurs. Annealing of a material describes the changes possible after this initial

crystallization process has taken place. In fact, the plastics industry has used the

annealing process to not only improve a material’s ultimate heat resistance and impact

strength but also as a method to decrease/prevent crazing and cracking for items used in

extremely stressed applications. Most importantly, annealing has been shown to improve

the overall dimensional stability of a polymer by exposure to elevated temperatures.

In this study, annealing of HP15 and HP21 was performed at or around the

temperature at which the aforementioned secondary endotherm was observed. The

effects of isothermal crystallization at various temperatures for times ranging in hours to

days were studied. The change in the characteristic melting curve for both systems seems

to be maximized after a four to five day period. The results found here are quite

interesting and play a key role when obtaining x-ray diffraction data.

Prior to analysis, the samples have been: 1) melted at 50 °C above the melt peak

for 1 hour in order to destroy previous thermal history 2) annealed isothermally for a
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given time period 3) quenched with liquid nitrogen (locking the sample in place) 4)

transferred quickly to the DSC, cooled (-50 to -60 °C) and isothermally held for 30

minutes prior to the heating cycle.

3.3 Results and Discussion

3.3.1 Influence of Comonomer Content on Thermal Behavior and Morphology

In polymeric materials, imperfections give rise to changes in a system’s overall

entropy and enthalpy. As a consequence, calorimetry may be used as a tool to determine

the degree of perfection in a crystallized polymer. For polymers, the broad melting peak

encountered in differential scanning calorimetry (DSC), is usually attributed to the

thickness distribution of crystalline lamellae and to the so-called “partial melting” as a

function of heating rate. In the realm of ethylene-based polymers, several differences can

be observed when comparing endothermic and exothermic traces not only between linear

polyethylenes [high density polyethylene, HDPE and ultra high molecular weight

polyethylene, UHMWPE] and branched materials [low density polyethylene, LDPE and

linear-low density polyethylene, LLDPE] (Figure 3-2), but also within different kinds of

LLDPEs (Figure 3-3).
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Figure 3-2. DSC trace comparison of (a) UHMWPE, (b) HDPE, and (c) LDPE samples.

Polymers purchased from Aldrich Chemical Company. Calorimetry curves generated at

the University of Florida.

The most noticeable feature in Figure 3-2 is the small range from onset to peak

melting point for UHMWPE and HDPE when compared to LDPE. The LDPE endotherm

is very broad compared to the linear polyethylenes (LPEs). After examining the

exothermic curve differences, it is apparent that LDPE exhibits a secondary exotherm

phenomenon in the 50-62 °C region. These differences are a consequence of the LDPE’s

high degree of branch content.
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Linear Low Density Polyethylene

Figure 3-3. DSC trace comparison of (a) BASF 1800D and (b) 1810H. Polymers

provided by BASF Chemical Company (Germany). Calorimetry curves generated at the

University of Florida.

Figure 3-3 compares two randomly branched EP copolymers from BASF. Both

1800D and 181 OH show similar melting/crystallization kinetics as the LDPE sample in

(Figure 3-2); however, 1810H’s secondary exotherm is more prevalent, and the formation

of a secondary endotherm at 40-78 °C is observed. An expanded-view comparison of

multiple melting/crystallization events is provided in Figure 3-4 for LDPE, 1800D, and

1800H.
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Although the samples contain varying degrees of branching, it is significant that

all bare similarities in secondary endotherm/exotherm shape and placement. The

secondary thermal events are important to note in relation to the perfection of the crystal

and reorganization processes and will be discussed further, vida infra.

a) LLDPE and LDPE

b) LLDPE and LDPE

Figure 3-4. Expanded view of multiple a) endotherms and b) exotherms for branched

PEs.

Figure 3-4 illustrates that variation in the amount and type of branch content

imparts interesting changes in thermal behavior. As previously mentioned, reporting of
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melting and structure studies for a number of ethylene/a-olefin random copolymers has

been described
92 "96

and reviewed
,

71
’
107

elsewhere. The calorimetric differences in

broadness, lowered transition temperatures, and decreasing peak areas can be explained

by the fact that increasing branch (defect) content reduces the capability to crystallize by

shortening the average sequence length between crystallizable ethylene units.

Consequently, crystallization takes place at progressively lower temperatures, where

chain mobility decreases as well. And so, less perfect (smaller) crystallites form during

crystallization.

3.3.2 Initial Calorimetry Data for ADMET Model EP Systems with Precise Methyl

Branch Placement

Owing to the vast amount of literature concerning randomly branched systems,

calorimetry was the first technique employed to examine the morphology and structure-

property relationships in these model systems. Typical DSC plots for ADMET EP model

compounds with a precise SCBD are illustrated in Figure 3-5, while Table 3-1 presents

the information in graphical form as well as newly calculated crystallinities for these

materials.

Our previous results verify the fact that with increasing propylene comonomer

content (i.e. CH3/IOOO carbons increase), the melting point and heat of fusion decrease.

This dependence is well established for polyethylenes and was first explained

mathematically by Flory
55

and later by Sanchez and Eby .

108
The equations derived in

each of these studies provide qualitative treatments with regard to how the number (Flory

model) and/or chemical nature and number (Eby model) of comonomer units affect a

material’s melting behavior through the formation of crystal defects.
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a) HP15 (Preliminary DSC Data) b) HP19 (Preliminary DSC Data)

c ) HP21 (Preliminary DSC Data)

Figure 3-5. Initial DSC traces illustrating melting endotherm and crystallization

exotherm for ADMET EP copolymer models with precise branching: a) HP9 b) HP15
and c) HP21.
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Table 3-1. DSC and Crystallinity Data for ADMET EP Copolymer Models with Precise

Methyl Branching.

ADMET

polymers

methyls per

1 000 carbons

Tm (peak)
0

(°C)

Ahm

(J/g) Crystallinity
6

HP9 111 -14 28 0.10

HP11 91 11 66 0.23

HP15 67 39 82 0.28

HP19 53 57 96 0.33

HP21 48 62 103 0.35

a
See Experimental Section 3.2.2 for details. Data obtained from thermally erased samples at

scan rate of 2 °C/min. * Crystallinity determined by dividing the heat of fusion by 293 J/g."

3.3.3 Extended Thermal Behavior Studies for HP9, HP15, and HP21.

It was decided to further probe thermal transitions for ADMET EP copolymer

models with the methyl branch placed on every 9
th
(HP9), 15

th
(HP15), and 21

st

(HP21)

carbon along the backbone, thereby, taking 3 samples with the highest, middle, and

lowest comonomer content, respectively. Great care has been taken concerning

calibration; in accordance to the literature,
109 ' in

indium and n-octane were used as

standards to minimize the error in the relative deviation for onset melt values. In

addition, very low sample weights (approx . 1.40-2.50 mg) were used to examine the

finest detail possible while not sacrificing heat flow signal. The first results obtained in

this light are illustrated in Figure 3-6 and Table 3-2.
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HP9 (111 Methyls/1000 Carbons)

Temperature (°C)

HP15 (67 Methyls/1000 Carbons)

HP21 (48 Methyls/1000 Carbons)

Figure 3-6. Extended DSC analysis for ADMET EP copolymer models with precise

methyl branching: a) HP9 b) HP15 and c) HP21.

Table 3-2. DSC and Percent Crystallinity Data for ADMET E/P Models with Precise

Methyl Branching—In Depth Analysis/Comparison.

ADMET

polymers

methyls per

1 000 carbons

Tm (peak)
3

(°C)

Ahm

(J/g) Crystallinity
1*

HP9 111 -13.3 38.7 0.132

HP15 67 38.6 87.2 0.298

HP21 48 62.5 140 0.476

a
See Experimental Section 2.2 for details. Data obtained from thermally erased samples at scan

rate of 20 °C/min.
b
Crystallinity determined by dividing the heat of fusion by 293 J/g."



91

HP9 (111 Methyls/1000 Carbons)

Temperature (°C)

HP15 (67 Methyls/1000 Carbons)

HP21 (48 Methyls/1000 Carbons)

Figure 3-7. Expanded view of secondary exotherm event observed in Figure 3-6.

Distinct differences exist between these samples that are immediately evident—the

enthalpy and percent crystallinity values for HP9, HP15, and HP21 are higher than the

results described earlier.
20 By using decreased sample weights (10 fold decrease from

initial studies), much lower heat flow differentials are experienced when extrapolating the

baseline from the pre-melting onset; therefore, deconvolution between the two is more

facile during peak determination using Pyris Software©. This accounts for enthalpy

measurement differences; however, additional attention-grabbing features are also

manifested.

A secondary exotherm event was found for all three samples (Figure 3-6 and

expanded view of 3-6 in Figure 3-7), a well-known phenomenon exhibited in randomly

branched LDPE and LLDPE materials (see Figure 3-3 and 3-4). However, this was the
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first observed presence of a secondary thermal event exhibited by ADMET model PEs

with precise branch content. The secondary exotherm peak temperatures are labeled and

indicated with an arrow (Figure 3-6 and 3-7). Immediate attention was focused on this

phenomenon to examine if the secondary crystallization event could be exploited during

sample preparation/crystallization for x-ray diffraction studies.

Upon closer inspection of Figure 3-7, the temperature difference between the

primary and secondary endotherm peaks for HP9 is 50 °C, while both HP15 and HP21

are approximately 35 °C {notably, the difference in the LDPE, 1800D, and 1800H

samples ranges 35-38 °C). The difference in peak-to-peak variation exhibited by HP9

may be due to a decreased ability for chain movement to occur when the comonomer

content is increased to a given level. Clearly, with 111 methyl branches per 1000

carbons, HP9’s ability to crystallize should be slowed when compared to HP15 and

HP21, owing to the fact that both of these materials contain comparatively lower branch

contents. To further understand the nature of multiple thermal events, samples were

analyzed at different scan rates and annealed at several temperatures to probe possible

thermal behavior differences (See Section 3.4).

The presence of a well-defined melting behavior for HP9 (111 methyls per 1000

carbons) is quite interesting. Previously, model studies for random systems have shown

that lack of regularity in ethylene run lengths impacts the nature of melting transition to

create broad, poorly-defined melting transtitions;
92e

and when the level of 150 methyls

per 1000 carbons is reached, a completely amorphous polymer is formed (no observed

melting event).
92d,95a

If this same behavior held true for our precisely branched models,

then HP9 should exhibit either an ill-defined endotherm or none at all; however, as
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illustrated earlier, HP9, which contains a relatively high comonomer (defect) content,

exhibits a sharp, well-defined melt (Figure 3-6a).

The presence of a visible relaxation event at -44.9 °C for HP9 (Figure 3-6a) is also

of note here. As previously studied in this group, the value found here verifies the

number assigned as the ^-relaxation for PE.
20 A surprising fact is the mere existence of

this peak—previously, even when using a sample weight of 2.43 mg, this feature was not

present unless HP9 was first quenched rapidly from the melt. However, by decreasing

sample weight to 1 .40 mg, the relaxation appears in every scan of the material (quenching

is not necessary) and is repeatable upon several successive scans. Again, the importance

of using small sample weights in order to perceive fine detail in semicrystalline polymers

is supported with this finding.

3.3.4 Dependence of Melting/Crystallization Temperature on Scan Rate.

Before further discussion of this material, the reader must be cautioned.

Throughout the remainder of this chapter, the terms equilibrium, or true, melting point

will be employed; however, it is for lack of a better terminology that these designations

are used. The equilibrium melting point would be the solid to amorphous phase

transition temperature for a sample which is composed of 100% crystallized material of

infinitely long, fully extended chains. Therefore, the equilibrium melting point is always

higher than that of any measured value. Clearly, with high defect levels, the ADMET EP

copolymers examined here cannot have a true equilibrium melting point because a 100%

crystalline material can never be achieved. The so-called true melting points presented

for HP9, HP15, and HP21 are the results of optimized annealing conditions. The

attempt has been made to determine the melting points of these samples without the
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influence of partial melting and recrystallization, thereby giving a melting transition for

the crystalline material which is obtained at a more equilibriated state. Although not at

true equlibrium, the melting points extrapolated here are the result of a sample with a

distict thermal history. So, one could say that these extrapolated values represent

“psuedo-equilibrium points” of phase transition, but only at these defined conditions.

This is the basis for the “true” designation used throughout the remainder of this text.

a) HP9 (111 Methyls/1000 Carbons) b) HP1 5 (67 Methyls/1000 Carbons)

Temperature ("C) Temperature (*C)

C)
HP21 (48 Methyls/1000 Carbons)

T = 62.5°C /
' . Scan Rate

( p) = 20°C/min

Tm = 61.8°C / Scan Rate (p.) = 10°C/min

t.mij’c J Scan Rate (*i) = 5°C/mln

Tm * 60-®°c Scan Rate
(
»i) = 2°C/min

Temperature (°C)

Figure 3-8. DSC melting curves as a function of heating rate.

The scan rate is a major contributing factor in determining the final shape and

characteristic temperatures of a melting and/or crystallization peak."
2 Due to

temperature gradient differences in a sample, the baseline height, peak area, and peak

temperature (Tm) all increase with increasing scan rate during the melt process.

However, when undergoing crystallization, an increase in the scan rate causes the
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baseline height and peak area to increase while the peak crystallization temperature (Tc)

decreases. These changes are demonstrated in Figure 3-8, which illustrates DSC melting

curves generated at scan rates of 2, 5, 10, and 20 °C/min for HP9 (3-8a), HP15 (3-8b),

and HP21 (3-8c).

The peak melting point for all three polymers is dependent on the scan rate, /u, and

the most significant value one can extrapolate from this is the true melting point, (Tm
tr

) of

a material.

The melting temperature may be the most important macroscopic quantity to

characterize for a flexible, linear molecule. Unfortunately, it is one of the most difficult

measurements to accurately obtain.

The Tm
tr

has been determined by zero extrapolation of the plot for melting point

versus the square root of the scan rate for HP9, HP15, and HP21 (Figure 3-9).

Additionally, to aid in crystallization studies, the true crystallization point, Tc

tr

,
may be

found in a similar manner and has been extrapolated for all three polymers (Figure 3-10).

As indicating by the high R2
values given in Figures 3-9 and 3-10, there is a high

confidence level in data accuracy. Prior to undertaking this study, it was believed that

performing this analysis for one of the polymers would suffice. Since all of the materials

were related, it was envisioned that the slope obtained from one plot could be applied to

all in order to derive the equilibrium values for melting and crystallization. Of the three

possible materials, HP15 (67 methyls/1000 carbons) was chosen because it possessed a

median methyl branch content when compared to HP9 (111 methyls/1000 carbons) and

HP21 (48 methyls/1000 carbons). After the T^ and Tc

tr

results for HP15 were found by

measuring the thermal transitions at five different scan rates, HP9 and HP21 peak
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melting/crystallization points were to be analyzed at a single scan rate (2 or 5 °C/minute).

Then, by using peak Tm/Tc values and the slope from HP15, a simple calculation would

determine the Tm
tr

and Tc

tr

for HP9 and HP21.

a
) HP9 Peak Melting

Dependence on Scan Rate

1
1 1

1
1

1
1

1
1

0 1 2 3 4 5

b) HP15 Peak Melting

Dependence on Scan Rate

(>0
1/2

c) HP21 Peak Melting

Dependence on Scan Rate

Figure 3-9. Linear regression plot for the influence of scan rate on peak melting

temperature.
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HP9 Peak Crystallization Kinetics b) HP15 Peak Crystallization Kinetics

Dependence on Scan Rate

c 30.0-
0

N

1
^

</>

^ 25.0-

2 3

U)

c
) HP21 Peak Crystallization Kinetics

Dependence on Scan Rate

0 52.5-

1
_N

2 50.0
</>
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52.5 C

50.1°C

y - -1.62x + 57.5 R
2 - 0.993

i 2 3 4 5

i %*«

it*)

Figure 3-10. Linear regression plot for the influence of scan rate on peak crystallization

temperature.

In curiosity, HP21 was examined for the same series of scan rates to verify our

original assumption. Notably, a vast difference in slope was found during extrapolation

to find Tm^ (Figure 3-9b vs. 3-9c) but not in Tc

tr

, which lead to the subsequent individual

analysis for all three polymers. Although counter-intuitive to initial prediction, the

results can be explained on the basis of relative defect content and the contribution from

crystal superheating and/or melt supercooling differences described earlier.

For example, when reviewing the melt process (Figure 3-9a vs 3-9b vs 3 -9c), it is

clear that the slope increases as the amount of defect content decreases (caused by higher

variations in peak melt values in going from low to high scan rate). This is a direct result

of an increased occurrence of supercooling/superheating due to the fact that there are
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more nuclei available for phase transition initiation in a higher crystalline material

(Crystallinity: HP21>HP15»HP9). The effects of this are even more dramatic during

the crystallization process in which one observes an approximate three-fold difference in

HP9’s slope when compared to HP15 and HP21.

The question remains—how can HP9 exhibit a sharp, clearly defined melting peak

with such high levels of branching (defects)? This points to the presence of an ordered

phase in the semicrystalline material that cannot be explained by simple thermal analysis.

An increased branch content restricts crystallite formation to such an extent that the

material must compensate both entropically and enthalpically for all of the

crowding/bunching that arises when cooling from the melt. This is demonstrated by the

large slope differentials observed during scan rate dependence studies (compare Figure

10a to lOb/c). The exact nature of this effect is unclear at this time.

3.3.5 Indication of Multiple Melting Endotherms for HP9.

Before discussing the affect annealing has on these polymers, an unexplained

phenomenon occurred during the scan rate dependence studies made on HP9. When

examining Figure 3-8 more closely, a discrepancy was notice in Figure 3-8a. For reasons

that remain unclear, the endothermic process for HP9 transitions from a monomodal to

bimodal process when decreasing the scan rate from 5 to 2 °C/minute (Figure 3-11).
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HP9 (111 Methyls/1000 Carbons)

Figure 3-11. Magnified View of Bimodal Melting Process Observed for HP9.

A feasible explanation is that the very slow cooling/melting rate has given the

material an increased ability to undergo reordering in the interfacial region during the

melting—recrystallization—melting (MRM) process. Based on Flory’s theory, one

would expect that the crystalline domains formed at -12.8 °C to have a higher

order/perfection when compared to those at -14.4 °C. The high branch content in HP9

does not allow a great deal of freedom for chains (stems) to move, align, or slip in the

amorphous and interfacial regions; therefore, the population for the higher melting

crystallites is small when compared to the primary peak. No experiments were

undertaken to optimize the secondary endotherm’s size/position. Currently, experiments

are underway to study this phenomenon in greater detail. This finding spurred interest to

further investigate the multiple melting/crystallization process for these model materials;
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however, the phenomenon of multiple thermal events deserves additional treatment

before continuing this discussion.

A metastable state is a constrained system—defined relative to some unconstrained,

thermodynamic equilibrium state. As discussed by Keller, it has been demonstrated

many times that linear and branched polyethylenes exhibit a high degree of

metastability.
113

One must take into account the equilibrium state for PE has been

determined to be perfect crystals made up of extended chains of infinite molecular

weight. For linear PEs, it has been shown that crystals of this kind are only obtained

under special conditions.
1 141 16

This means that the crystallization process for polyolefin-

based materials is far from ideal. Unless the aforementioned special conditions are met, a

thermodynamic equilibrium situation dominates because the growth rate of metastable

crystals exceeds that of their stable counterparts. For practical purposes, this means

morphology changes are likely to occur during instances where chain mobility is

increased (i.e. heating cycle in the DSC). Unfortunately, little is known about the

metastable phenomenon. And until the recent development of high intensity synchrotron

x-ray sources, a technology able to make time-resolved, dynamic measurements did not

exist that could adequately examine the rapid reorganization processes encountered

during heating/cooling cycles. Nevertheless, metastability in polyolefins is a real

phenomenon and may possibly explain the existence of multiple endotherms/exotherms.

Multiple melting endotherms are observed in a wide variety of semicrystalline

polymers. This behavior has been attributed to the following:

1) Melting of different polymorphic forms (in polypropylene, PP, this implies a, (3, y,

and mesomorphic forms).

2) Segregation effects (by tacticity, composition, and molecular weight).
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3) Reorganization effects (melting—recrystallization—melting) during the course of

heating.

4) Melting of discrete morphological populations of the same crystallographic form,

but differing in size and perfection.

Because crystallinity, crystallization, and melting behavior are all closely related to

intrinsic polymer characteristics, they are important methods for studying chain structure.

Consequently, understanding the mechanisms involved in multiple melting behavior is an

important but challenging task.

3.3.6 Annealing Behavior

In a sense, one broad definition of annealing implies the introduction of a certain

property by heat treatment, mechanical deformation, and/or chemical reaction without

large-scale melting. In the case of semicrystalline polymers, the thermal history of

annealing affects both the width and positions of endothermic transitions. According to

one of the earliest theories of chain-folded crystallization made famous by Hoffman and

Lauritzen,
117

subjecting a sample to a given annealing temperature (TA) should induce the

melting of imperfect, thin lamellae crystals, thereby, allowing the growth of thicker PE

lamellae through recrystallization and/or reorganization mechanisms of polymer chains.

To prepare for x-ray diffraction studies of ADMET EP copolymer models with precise

methyl branching, an investigation was undertaken in the hopes of maximizing crystallite

perfection.

Owing to HP9’s low melting point (approx. -14 °C), lengthy annealing studies on

this material have not been attempted to date. The difficulty arises during transfer of the

material from an isothermal bath to the DSC. Due to the fact that modem calorimetry

instruments require a sample pan to be loaded at room temperature, there is no way to
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ensure that HP9 would not undergo melting during transfer to the DSC from an

isothermal bath at low temperature, regardless if the sample is quenched prior to analysis.

This would partially or completely destroy any annealing effects incurred at extremely

low sub-ambient values. When compared to HP9, the same concerns do not apply here

for HP15 and HP21 because their melting regions are above the load temperature of 25

°C.

Therefore, this study has concentrated on HP15 and HP21—two samples that melt

far enough above room temperature to allow for facile transfer and handling in the

desired temperature range. To begin thermal aging studies, room temperature was chosen

as the first annealing temperature to examine the ultimate endothermic effect for both

HP15 and HP21. All results given in this section are the result of a polymer sample,

already encapsulated in an aluminum sample pan, being stored at room temperature, 21-

25 °C, for a given time [all aluminum sample pans were placed in vials and stored in a

desiccator in order to minimize exposure to outside elements]. Although the annealing

temperature is imprecise, the results gained in these experiments gave a basis-set of

knowledge with which to begin further studies.

Figure 3-12 depicts changes seen in the melt profile for HP15 and HP21 upon

standing at room temperature for varying degrees of time. Attention should be focused

on all scans in 3-12a and the top three scans in 3-12b—A close-up view for DSC heating

cycles is provided in Figures 3-13 and 3-14.
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HP15 (67 Methyls/1000 Carbons)

Annealed at Room Temperature
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HP21 (48 Methyls/1000 Carbons)

Annealed at Room Temperature

Annealed 18 months (Scan 2) l T
m = 62.9°C

- Annealed 18 months (Scan 1) •\- T = 64.7°C
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Annealed 15 hours (Scan 1) 1 T = 62.7°C
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Temperature (°C)

Figure 3-12. Annealing at room temperature for extended time periods

—

HP15 (3- 12a)

vs. HP21 (3-12b). [All measurements taken at a Scan Rate = 20 °C/minute.]
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HP15 (67 Methyls/1000 Carbons)

Annealed at Room Temperature

D 16 - Annealed 10 months (Scan 1)

Tm = 40.7°C Ah
m = 93.2 J/g

Temperature (°C)

b
) HP15 (67 Methyls/1000 Carbons)

C) HP15 (67 Methyls/1000 Carbons)

64 Annealed at Room Temperature

3
o 60 -

Annealed 18 months (Scan 2)

T = 39.3°C Ah = 88.4 J/g

0 20

Temperature (°C)

Figure 3-13. Annealing at room temperature for HP15 at extended time periods

—

expanded view. [All measurements taken at a Scan Rate = 20 °C/minute.]

There are a few features readily apparent upon closer observation. Referencing

back to Figure 3-9b (linear regression plot for the influence of scan rate on peak melting

temperature), one can find polymer peak melting temperatures for HP15 and HP21 after

all thermal history has been erased and repeatedly cycled (data collection on the third

scan). At a scan rate of 20 °C/minute, HP15’s peak melting point equaled 39.1 °C while

that for HP21 equaled 62.5 °C. In comparison to samples that have had all thermal

history erased, an increase in peak melting point and enthalpy (i.e. crystallinity) for both

materials was observed in the first scan after room temperature annealing for extended

periods (Table 3-3). In fact, a significant increase in melting point was observed between

10 to 18 months with the added appearance of a bimodal endothermic event. The reason
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for this bimodal anomaly is not apparent at this time nor is the drastic jump in melting

point during annealing between the 10-18 month period when compared to equivalent

measurements made for both materials throughout the course of this study. It is also

unclear why the crystallinity (enthalpy) decreased slightly for the HP15 sample when

going from 10 to 18 months. One would expect the same trend as seen for HP21, in

which the enthalpy remained constant; however, the difference is not alarming and is

within experimental error of the DSC.

a) HP21 (48 Methyls/1000 Carbons) b) HP21 (48 Methyls/1000 Carbons)

HP21 (48 Methyls/1000 Carbons)

Figure 3-14. Annealing at room temperature for HP21 at extended time periods

expanded view. [All measurements taken at a Scan Rate = 20 °C/minute.]
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Table 3-3. Peak Melting Temperatures and Crystallinity after Annealing at Room
Temperature for Extended Time Periods.

ADMET
polymers

methyls per

1000 carbons

annealine

10 months

Tm (peak)"

(°C)

TIME
1 0 months

Crystallinity*

annealina

1 8 months
Tm (peak)"

(°C)

TIME
1 8 months

Crystallinity*

HP15 67 40.7 0.318 45.0 0.303

HP21 48 62.5 0.500 64.7 0.500

a
See Experimental Section 3.2.2 for details. Data obtained from thermally erased samples at

scan rate of 20 °C/min.
b
Crystallinity determined by dividing the heat of fusion by 293 J/g.

41

The increase in melting point illustrated in the Figures 3-12, 3-13, 3-14 and listed

in Table 3-3 can be explained by well-known theory. The effect of annealing at room

temperature, in this case, has allowed both HP15 and HP21 to undergo some degree of

stabilization in the crystalline material. This is the cause of the increase in melting point

and percent crystallinity when compared to a sample having all thermal history erased.

In fact, the Thomson-Gibbs equation correlates a material’s melting point as a function of

lamellar thickness and heat of fusion.
118

This relationship has been used to calculate the

lamellar crystal thickness (lc ) for linear PEs as well as ethylene copolymers; however, its

validity for compolymers has been questioned. Due to its complexity, a comparison of lc

values determined by both x-ray diffraction and calorimetric methods (HP15 vs. HP21)

will be treated in a later publication.

Another important factor to be addressed is the effect further cycling has on these

materials after annealing has taken place. Paying attention to the differences in going

from Scan 1 to Scan 2 to Scan 3 (Figure 3-12, 3-13, and 3-14), it can be seen that any

changes induced by annealing have disappeared by the third consecutive heating cycle of

the material. In fact, this erasure consistently happens more quickly for HP15 (2
nd

scan)
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than for HP21 (3
rd

scan) for long annealing times, a result that has been repeated

throughout the course of this study. Perhaps, this is a function of relative disorder as

HP15 and HP21 enter into the melt. It is plausible that a material possessing high branch

content would reorganize to minimize intra/intermolecular interactions, thereby lowering

the system’s free energy. Therefore, it is logical that “unlocking of the morphological

memory” induced by annealing would be more quickly/easily disrupted in a system

containing a higher number of defects. This may explain why the annealing effect is

consistently erased more quickly in the case ofHP15 when compared to HP21.

The annealing effect at room temperature was further examined for time periods on

the order of hours to one week (Figure 3-15). This illustrates the presence of a secondary

endotherm for HP21 even after 15 hours of annealing; however, the enthalpy does not

reach an observed ceiling until day seven. The same peak melting/enthalpy trend was

observed for HP15, but a secondary endotherm was not present in the material during

room temperature annealing. Interestingly, even at the long annealing times (>10 months

in Figures 3-12, 3-13, and 3-14), no secondary endotherm was observed for HP15. It is

thought the close proximity of HP15’s true melting point (Tm
tr = 37.3 °C) to that of room

temperature may lead to this difference.

Nevertheless, the trend for both HP15 and HP21 is clear—as annealing time is

increased, the melting point and the enthalpy approach maximums. But it must be noted

that these values are dependent on the particular temperature at which

crystallization/annealing occurred. In other words, variation in annealing temperature

should lead to observed differences in values obtained for peak melting point, enthalpy,

and crystallinity. In order to work out optimal crystallization conditions, isothermal
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annealing was carried out at several different temperatures in the hopes of finding a

circumstance that allowed for the maximum crystal thickness to be obtained. The

importance of this becomes evident when attempting to obtain x-ray diffraction patterns

on melt crystallized material.

a
) HP21 (48 Methyls/1000 Carbons) b

) HP21 (48 Methyls/1000 Carbons)

d) HP21 (48 Methyls/1000 Carbons) e) HP21 (48 Methyls/1000 Carbons)

Figure 3-15. Annealing at room temperature for time periods on the order of 1 day to 1

week

—

HP21. [All measurements taken at a Scan Rate = 20 °C/minute.]

A considerable amount of time and effort went towards finding an annealing

temperature that would induce the maximum crystallinity possible. Figure 3-16

illustrates the results for the temperature that ultimately satisfied this requirement for both

HP15 and HP21. As depicted in Figures 16a (HP15) and 16b (HP21), the annealing

effect is completely erased after the second scan for HP15 and the third for HP21 which
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agrees with the results obtained during room temperature annealing experiments. An

enlarged view of this result is provided in Figure 3-17.
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Figure 3-16. Optimizing crystallinity through isothermal annealing: a) HP15 at 20 °C
versus b) HP21 at 43 °C. [All measurements taken at a Scan Rate = 20 °C/minute.]
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HP15 (67 Methyls/1000 Carbons) b
) HP15 (67 Methyls/1000 Carbons)

HP15 (67 Methyls/1000 Carbons) d)
HP15 (67 Methyls/1000 Carbons)

Figure 3-17. Optimizing crystallinity through isothermal annealing

—

HP15 at 20 °C.

Expanded view. [All measurements taken at a Scan Rate = 20 °C/minute.]

Only upon closer inspection can one really appreciate the differences given in

Figure 3-16. Figure 3-17 depicts the effect annealing has on HP15 at a temperature of 20

°C, while the same effect is provided for HP21 at 43 °C (Figure 3-18) for several

annealing times. An arrow denotes the location of a secondary endotherm when

necessary. A few points should be reiterated here: 1) the annealing effect is erased after

only the second or third heating cycle for both materials [see Figures 3-1 7a to 3-1 7b; 3-

17c to 3-1 7d; 3- 18c to 3-1 8d] 2) crystallite thickening can be monitored due an observed

increase in melting point and/or enthalpy values as annealing time is increased [see

Figures 3-17a to 3-17c; 3-18a to 3-1 8b to 3-1 8c] . Again, this result verifies the

theoretical relationship regarding crystal thickening formulated by Thomson and

118
Gibbs.
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HP21 (48 Methyls/1000 Carbons) ' HP21 (48 Methyls/1000 Carbons)

HP21 (48 Methyls/1000 Carbons) ’ HP21 (48 Methyls/1000 Carbons)

Figure 3-18. Optimizing crystallinity through isothermal annealing. HP21 at 43 °C.

Expanded view. [All measurements taken at a Scan Rate = 20 °C/minute.]

As a consequence of annealing, the premelting region has been changed

dramatically—essentially disappearing after the annealing process. This harkens back to

the idea that pristine packings of ethylene-based polymers commonly exhibit a high

degree of metastability. So, a major conclusion of this discussion is that the ADMET

model EP materials studied do not crystallize into an equilibrium structure under normal

conditions. Annealing assists these materials to approach a state closer to equilibrium;

however, it can be assumed that true equilibrium is far from being realized due to the

high degree of metastability present in these branched systems when compared to a

perfect PE crystal.
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Nonetheless, the annealing process provides a method for a material to minimize

non-favorable interactions between defects (branches), thereby, allowing a pathway for a

system to achieve a lower free energy. Therefore, it is necessary to study the

thermodynamic mechanism of change caused by annealing in order to better understand

its impact on a plethora of nearest-neighbor hierarchy effects (bonding interactions,

rotational isomerism, tacticity, and close packing).

3.3.7 Importance of Choosing Proper Annealing Condition

This discussion would not be complete without mentioning the variation observed

when attempting annealing at three separate temperatures for HP15. Attention should be

directed at Figure 3-19 (HP15 annealed at 28 °C) and back to Figures 3- 17a (HP15

annealed at 20 °C) and 3- 13a (HP15 annealed at room temperature). It is true that the

melting point and enthalpy increased at all three annealing temperatures which points to

evidence for crystal thickening. However, one immediately recognizes that a secondary

endotherm was exhibited only when annealing at 20 °C, whether the annealing took place

at short or long periods of time. Again, as discussed for HP21, perhaps 20 °C annealing

does not allow enough molecular motion for the ability of crystal thickening to extend

into the preexisting primary crystal structure. The importance of choosing the proper

annealing temperature cannot be stressed enough due to the results encountered during x-

ray scattering experiments for these materials. For instance, all attempts to obtain

suitable small angle x-ray scattering patterns for HP15 failed for all annealing conditions

except for the experiment in which the sample was annealed at 20 °C. In x-ray

experiments, why is it so important to find a condition that yields a bimodal melt

distribution for these model EP copolymer systems? And better yet, what mechanism

leads to this difference?
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HP15 (67 Methyls/1000 Carbons)

Annealed at 28°C

b) HP15 (67 Methyls/1000 Carbons)

Annealed at 28°C

d) HP15 (67 Methyls/1000 Carbons)

Figure 3-19. Importance of choosing proper annealing temperature

—

HP15 annealed at

28 °C for 5 days. [All measurements taken at a Scan Rate = 20 °C/minute.]

The secondary endotherm is evidence for the formation of individual pockets of

small crystallites. However, one may argue as to the exact location where crystal

thickening has occurred. One plausible explanation for secondary endotherm existence is

that homonucleation of stems in the amorphous region has created smaller domains of

crystallites than those observed in the primary melting region.
73

One should not infer this to mean that the two thermal transitions cause differences

in crystal packing—only that the size and location of the crystalline lamellae regions

differ for the secondary and primary endotherm, or another possibility is that the entropy

has been affected within the amorphous region. Of course, the picture is even more

complicated by the question of whether the smaller crystalline regions are made through
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the process of intramolecular heterogeneity (a bundling of chains that are tethered to

existing crystals by tie-molecules, adjacent re-entry; etc.) or by intermolecular

heterogeneity (consisting of several ‘free stems/chains’ from two or more crystallites that

were previously unordered in the amorphous region).

In addition, these materials are not monodisperse, so one cannot exclude the

possibility of the secondary endotherm arising from the segregation of material with

differing molecular weights. In the hopes of better understanding the annealing

phenomenon, x-ray diffraction and microscopy studies were undertaken.

3.4 Conclusions

Previously, thermal behavior studies on statistically branched LLDPE materials

proved difficult due to catalyst mistakes made during chain propagation chemistry. For

instance, Ziegler-Natta catalysis produces materials that contain high intra/intermolecular

chain heterogeneity as well as an increased, and sometimes uncontrolled, polydispersity

level. Metallocene systems, although touted for their superior control over polydispersity

(P.D.I.s = 2.0) when compared to Ziegler-Natta systems, still produce ethylene/a-olefin

compolymers with intramolecular heterogeneity. Due to several thermal rising elution

fractionation (TREF) and crystallization annealing fractionation (CRYTAF) studies,
119

it

has also been suggested that metallocene systems may also produce a small amount of

intermolecular chain heterogeneity as well. Regardless of the method, until now, there

has been no systematic way to examine the effect precise branch placement has on

ethylene/a-olefin copolymers. However, EP copolymers produced by ADMET step-

condensation chemistry are homogeneous in SCBD both intramolecularly within a chain

as well as intermolecularly between chains—the only variation occurring due to the
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statistical distribution of chain molecular weights typical of a step condensation process

(P.D.I. = 2.0).

For this reason, we feel that these systems provide excellent models to analyze the

crystallization and melting behavior of ethylene-based copolymers to aid in determination

of morphology and its relation to structure-property relationship. Therefore, a detailed

study was performed in order to describe the thermal behavior for three model EP

copolymers with methyl branches placed on each and every 9
th
(HP9), 15

th
(HP15), and

21
st

(HP21) carbon along the backbone.

Results have shown that the precisely branched ADMET EP copolymer model

systems show a similar trend as statistically branched systems—namely, that as the

comonomer (defect) content is increased, there is a resultant decrease in melting point,

enthalpy, and crystallinity. Counter to randomly branched copolymers, the precise

branch placement in these materials has induced a special order during chain packing that

imparts well-defined crystallization and melting events to occur even at elevated defect

contents (see results for HP9). Also, it has been shown that there is a significant

annealing effect exhibited by all three polymers; in particular, this phenomenon has been

examined for HP15 and HP21, and later becomes important in obtaining small angle x-

ray scattering (SAXS) patterns for these materials.

Annealing has provided a pathway by which to thicken the crystalline lamellae of

these materials, and we believe that understanding the dynamic mechanism by which this

is occurring in our ADMET EP model systems may provide a better comprehension in

regard to LLDPE crystallization behavior exhibited by statistically branched materials

—

particularly those made by metallocene catalysis.
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It has been said that one of the most influentialfactors governing the melting point

(T,n) of an ethylene-based copolymer is the branch distribution in the copolymer system

rather than the branch content. In other words, the crystallization, melting behavior, and

morphology of said systems can only be understood in terms of the short chain branch

distribution (SCBD). By utilizing ADMET chemistry, we have created the first

experimental method by which to systematically study the effect a precise SCBD has on a

polyolefin-based material. Through the study of these materials it is envisioned that a

better understanding will be obtained for industrially produced LLDPE copolymers. In

addition, precise branch placement provides an opportunity for increased control over

final physical properties of the material; and if the control is robust enough, it may well

produce advantages in material response not offered by present industrial chain

propagation techniques. Consequently, if an inexpensive, more facile method for

monomer synthesis is realized, these materials could well be used as the basis for a new

class of commodity PEs.



CHAPTER 4

X-RAY DIFFRACTION AND MICROSCOPY INVESTIGATIONS OF MODEL
ETHYLENE/PROPYLENE COPOLYMERS WITH PRECISE METHYL BRANCH

PLACEMENT

A discussion of x-ray diffraction would not be complete without an introduction to

the x-ray examination of crystals. In the solid-state, most pure elements and compounds

are ordered (crystalline) as opposed to being disordered (amorphous). The central feature

of any crystalline structure is that it is regular and repeating, a priori. In fact, any

crystalline structure could be described as a geometrical pattern formed by various

repeating ‘structural units’ which exhibit long-range order. By treating an element as a

point particle, the structural unit of any crystalline compound may be represented by a

unit cell. A general unit cell is given in Figure 4-1, where the lengths and angles between

each crystallographic axis are referred to as lattice constants or lattice parameters. The

key feature of a generalized unit cell is that it contains a full description of the structure

as a whole; therefore, the repeated stacking of adjacent unit cells in a face-to-face manner

throughout three-dimensional space can generate the complete structure.

4.1 Structure of Solids—Historical Perspective

c

C

b

Figure 4-1 . Geometry of a generalized unit cell.

117
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Upon consideration, one would assume that the possible crystalline geometries in

which individual substances may arrange are endless; however, due largely in part to

energetic stability considerations, all possible structures reduce to a small number of

basic unit cell geometries. In fact, presently, only 14 three-dimensional (space) lattices

have been identified. These are referred to as the 14 Bravais lattices and were first

derived by the 19
th
century French crystallographer, Auguste Bravais (Figure 4-2).

120
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cubic
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Figure 4-2. The fourteen crystal (Bravais) lattices.

Knowing that a crystal is built up by the repetition of a unit cell, one can explain

the development various crystal planes or faces (Figure 4-3). Crystal planes, body-

centered cubic in this case, are best described in terms of a set of translations along the x,

y, and z axes. These translations are expressed as a set of integers, known as Miller
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indices, developed by William Hallowes Miller, a 19
th
century British crystallographer.

121

The general notation for Miller indices is given as whole integer values (h, k, 1) and can

be used to describe the space planes of any crystal system.

Figure 4-3. Crystallographic planes in the body-centered cubic lattice: (a) (0, 1, 1)

planes (b) (0, 2, 1) planes (c) (1, 0, 1) planes (d) (1 , 1,0) planes (e) (1, 1, 1) planes.

However, obtaining Miller indices for a crystallographic plane is a more elaborate

process when compared to giving a simple lattice direction. In actuality, these integers

represent the inverse of the planes of axial intercepts within the unit cell. For example,

the Miller indices (210) corresponds to a plane intercepting the a-axis at (Vi)a, b-axis at b,

and is parallel to the c-axis (in effect, intercepting it at infinity). So, in this example, the

inverses of axial intercepts are l/!4, 1/1, and 1/infmity, which gives 2, 1, and 0 integers

leading to the (210) notation for a crystal plane. The distance (d) between two parallel
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planes and is denoted as <4,k,i with h, k, 1 representing the Miller indices of a particular

crystallographic plane.

4.2 X-ray Diffraction of Crystals

Wilhelm Roentgen first discovered x-rays in 189 5.
122

However, the exact identity

of x-rays remained a mystery for some years after their discovery; that is why the term

‘x’ is still used to this day. It was found that this energy was very penetrating, could

darken photographic film, and cause minerals to fluoresce; and since x-ray beam

deflection could not be detected by an electric or magnetic field, it was assumed that the

beam did not consist of charged particles. This lead to the conclusion that x-rays

consisted of short-wavelength (much smaller than visible light) electromagnetic radiation.

In 1912, this assumption led to Max von Laue’s experiment that verified the wave

nature of x-rays.
123 Von Laue pointed out that if x-rays have a wavelength, X,

approximately the same as the d spacing between crystallographic planes, then these

impinging x-ray waves would exhibit interference effects. Afterwards, it was proven that

translational repeat distances within crystals refract when subject to x-ray exposure, just

as ordinary light is diffracted by gratings ruled with spacings of the same approximate

wavelength as light. Almost immediately afterward, W. H. Bragg
124

improved on the

Laue experiment by substituting monochromatic for polychromatic radiation and by

providing a more physical interpretation of scattering data. Following this observation,

Bragg was able to determine the structure for a number of simple crystals (i.e. NaCl, ZnS,

and CsCl);
125 '127

and most importantly, he was able to explain the nature of x-ray

diffraction by the relation that bears his name (Bragg’s Law).
124

Braggs’ law gives the

angles that locate the maxima produced by the constructive interference of x-rays.

Constructive interference is caused by the scattering of atoms in a parallel set of planes



121

and is shown as a two-dimensional representation of a three-dimensional crystal in Figure

4-4.

Figure 4-4. Bragg’s theory of x-ray constructive interference.

As illustrated here, x-rays of a single wavelength are in phase before being

scattered from the atoms in plane A and the atoms in plane B. For constructive

interference to be achieved the angle of incidence for incoming x-rays must equal the

angle of reflection; otherwise destructive interference ensues. To reach the detector

(photographic film or rad counting detector), the waves scattered from the atoms in plane

B travel a greater distance than those scattered from the atoms in plane A by the amount

2{d sin 0). Bragg proved that the angle 0m is given by the following relation:

2d sin Gm = mA [Equation 4-
1 ]

where m = 1, 2, ...then the waves scattered from the atoms in plane A will arrive at the

detector in phase with the waves scattered from the atoms in plane B. Thus, the waves

will constructively interfere to produce a maximum—commonly referred to as a

reflection. Similarly, the waves reflected on each of the many planes that are parallel to
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planes A and B will cause constructive interference of the scattered x-rays. The

relationship given in Equation 4-1 may be rewritten as:

mX

2 sin 0m
[Equation 4-2]

Accordingly, the distance, d, in Braggs’ law corresponds to any of the numerous

interplanar spacings that exist in a crystal. This d value is equivalent to the dh,k,i notation

mentioned earlier during the discussion of Miller indices. Therefore, it is possible to

designate Miller indices h, k, l for each set of diffracted planes, causing the constructive

reflections observed during the examination of a given crystal. This process is known as

the indexing of reflections. For metals, salts, ceramics and simple organic/inorganic

compounds, deducing the proper lattice and indexing reflections is a rather

straightforward process; however, when considering oligomers and/or polymers, the

situation becomes highly complex.

4.3 Towards the Structure of Polyethylene—Linear Paraffins

Linear or normal-paraffins (/?-paraffins) consist of a simple class of structures in

the form of CEL—[CELCELJn—CH3 (where n = 1, 2, ...~34). These low-molecular

weight materials (oligomers) serve as the most simplistic compounds with which to

investigate/model the structural differences in large, purely hydrocarbon substances. By

far, Alex Muller
128 '

1

3

'completed the most prolific structural investigations on H-paraffins.

X-ray diffraction of a n-C29EL0 single crystal in the mid- 1920s showed that the material

packs to form parallel planes of zig-zag (trans) stems of carbon atoms. Planes normal to

the axes can be drawn through the end-groups, which separate one layer of molecules

from another. Additionally, the structure was shown to be composed of two layers (i.e.
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every second layer is translationally identical to one another). Muller determined the unit

cell to be orthorhombic (Figure 4-2), a geometry later observed for higher order n-

paraffms by Hengstenberg,
132

Kohlhaas and Soremba,
133

and Smith.
134 A plethora of

studies concerning /z-paraffms followed Muller’s initial work,
134 ' 141

with the most

complete compilation of the phase behavior exhibited by these materials being provided

by Schaerer, et a/.
142

chain
axis

trans or zig-zag conformation cis or kink conformation

(a) (b)

**A11 C—C bond distances are 1 .54 A.

Figure 4-5. Bond distances and angles in a completely aliphatic-based chain—(a) all

trans (b) occurrence of a cis linkage.

Figure 4-5 illustrates noteworthy differences in bond angles and distances for a

purely hydrocarbon-based chain (the H—C—H bond angles have been omitted for

simplicity). Previously studied by spectroscopic and thermal methods,
143

’
144

this

configuration was later verified, with slight modification, by diffraction
135,136

and

modeling studies. The minimum potential energy is obtained when the carbon atoms
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arrange themselves into an all trans configuration (Figure 4-5 a). As indicated by the

dotted line in Figure 4-5a, the imaginary chain axis passes through the mid-points of C

—

C bonds. The hydrogen atoms (not shown) lay in planes normal to the main chain axis,

with the angles between H—C—H bonds being approximately tetrahedral (108- 109°).
138

Interestingly, diffraction studies elucidated that the C—C—C bond angle to be

112°,
135,136

a significant departure from ideal tetrahedral geometry (109.5°). Angular

variation between carbons can be ascribed to the energy minimization of non-bonded

repulsion interactions between hydrogen atoms.

The cis configuration is also considered (Figure 4-5b); however, it can be seen that

the Ci—

C

4 distance becomes 2.7 A. This distance is substantially smaller than that of the

Ci—

C

4 trans configuration distance of 3.6 A. Further, non-bonding repulsions between

the hydrogen atoms bonded to C2 and C3 are severely strained here (Figure 4-5b);

therefore, it is clear from this comparison that the trans configuration is the most

favorable conformation for a linear hydrocarbon chain, both energetically and sterically.

4.4 Structural Morphology of Linear Polyethylene.

In contrast to small organic molecules and oligomers, polymers offer a distinct

advantage during x-ray diffraction studies. If a linear molecule contains 1000 atoms or

more, it may be considered infinitely long; therefore, the influences of chain end-to-end

packing can be safely ignored. By utilizing this concept, C. W. Bunn published his

landmark powder diffraction study that deduced the structure of the simplest synthetic

macromolecule known—polyethylene (PE).

145
Bunn found that the PE unit cell was

practically identical to that for a single layer of the paraffin molecules studied earlier,

save the influence from end-group interactions. Just as Muller had observed for n-

C29H60 ,
Bunn found an orthorhombic unit cell for PE. By Fourier transformation of the
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x-ray data, Bunn was also able to map the electron crystal density for the PE unit cell,

giving a method to deduce how the methylene chain stems align in PEs unit cell. In order

to provide a technique by which to compare and contrast the unit cell for different

materials more easily, Vand introduced the concept of mapping an individual subcell in

accordance to the positions of methylene groups.
146

This type of model is given for the

ab face of orthorhombic PE below (Figure 4-6).

C

in' C

Figure 4-6. PE orthorhombic unit cell (ab face shown in plane).

By far, the orthorhombic unit cell presented here is the most commonly

encountered for polyethylene, with the main features being that 1) the cell parameters are:

a0 = 7.45 A, b0 = 4.97 A, and c0 - 2.54 A and 2) each cell contains 2 complete ethylene

(momoner) units. The c0 value is the repeat distance for a single plane of aliphatic

molecules in an all zig-zag (trans) conformation. In Figure 4-6, the chain axes are normal

to the page, and the position of methylenes is shown with each C—H bond designated as

a solid black (out-of-plane) or dashed (into-plane) line to indicate three-dimensional
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positioning with respect to the plane of the page. The distance between levels is cJ2 =

1.27 A.

Upon inspection of the unit cell in Figure 4-6, the structure for PE seems quite

simple. Indeed, for metals, ceramics, and small organic molecules, knowledge of the unit

cell structure implies knowledge of the crystal structure over a large volume. However,

the picture for PE, or most commercial polymers for that matter, is much more

complicated because these substances contain a high degree of non-crystalline

(amorphous) material. So, polymers (i.e. some PEs, nylons, polyester, etc.) exhibiting a

melting point are semicrystalline in nature; that is, polymers containing ordered material

(crystal) encapsulated in a disordered matrix (amorphous). For a number of years, this

fact complicated the deduction of the long-range structure for PE; this was mainly due to

the belief that single crystal growth in polymers was improbable.

4.5 Long Range Order in Linear Polyethylene

Early investigations of crystal morphology in high polymers led to the creation of

two schools of thought in regard to crystallite formation in macromolecules. The key

question to be answered was: what is the fate of a long molecular chain at the surface

during crystallization of the material? Sauter first proposed the concept of a polymer

being able to form ideally grown single crystals in the early 1930s.
147

Subsequent work

by Storks on gutta percha [trans-l,4-poly(2-methylbutadiene)] found evidence for

orientation in solution crystallized material.
148 He presumed that the orientation was a

result of the polymer chain folding back and forth upon itself to create relatively large

crystallites (-270 A).

148
Despite these initial findings, the work of Sauter and Stork was

overlooked for almost three decades in favor of a concept that supported the formation of
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small crystallites because it was believed that construction of a chain-folded single crystal

was unlikely due to the deleterious effects caused by molecular entanglement(s).

In 1930, Herrmann, et al. postulated the fringed-micelle crystallization model

(Figure 4-7),
149

which proposes that single, chain-extended polymer stems can contribute

to several different crystallite and amorphous regions. This crystallization concept was

based on x-ray diffraction observations in which the Bragg reflections appeared broad

and diffuse when compared to those obtained from well-developed simple crystals.

Diffraction theory predicts these broad, diffuse reflections to occur from either small

crystallite size or lattice defects. Unfortunately, scattering patterns from polymers are

normally too weak to discriminate between the two possibilities. Herrmann assumed that

the hypothesis of small crystallite size was the more probable,
149

thus, leading to the

fringed-micelle concept. Although the fringed-micelle composite-based structure could

explain mechanical property and percent crystallinity trends, it tended to draw attention

away from fine structural details (i.e. interface, tie molecules, etc.) and gave little insight

to larger structural entities such as helices or spherulites.

Figure 4-7. Fringed-micelle model for the crystalline-amorphous composite interface

found in polymeric materials.
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Several groups in the early 1950s showed that it was possible to grow chain-folded

single crystals in a polymeric material,
150 " 154

sparking attention back to the initial studies

by Sauter and Stork. Soon thereafter, Keller,
155

Fischer,
156

and Till,
157

independently

published the first evidence for the presence of a chain-folded macroconformation in

solution-grown single crystals of polyethylene. In these studies, electron diffraction

measurements yielded evidence that PE single crystals form into thin platelets (-100 A in

thickness). Although the thickness of the chain-folded lamellae proposed by Keller,

Fischer, and Till has been shown to be dependent on both crystallization and and/or

annealing treatments,
158

the measure of 100-250 A is a typical lateral growth dimension

for both linear and branched PEs. Several models of chain-folding have been postulated

and are given in Figure 4-8, which includes the famous switchboard model proposed by

Flory (Figure 4-8b).
159

n n n n

U V/ u v

/*\ A /\

(a) (b)

(d)

Figure 4-8. Two-dimensional pictorial representation of possible fold surfaces (normal to

the plane of the page) in polymer lamellae, (a) sharp folds (b) “switchboard” model (c)

adjacent reentry with loose loops (d) combination of features shown in a, b, and c.
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Since the lamellae thickness for a PE single crystal was found to be on the order of

100-200 A and the fact that a typical polymer chain would be at least 1000 A, Keller

contended that the only plausible explanation was for chain folding to occur. This

concept is illustrated more clearly in Figure 4-9. This pictorial representation provides an

idea of the wave-like pattern created during the growth of a PE single crystal. Also, to

further explain the geometrical origins of the orthorhombic unit cell depicted in Figure 4-

6, a group of six adjacent PE unit cells have been outlined in Figure 4-9. Most

importantly, this model was finally able to explain larger structural observations

including spherulties, dendrites, corrugations, and twinning. To be sure, the chain-folded

lamellar concept paved the way towards a quantum leap in the theories of polymer

crystallization
117,160,161

and still maintains its stature as a significant influence in the ever-

evolving concepts
1 17, 160-166

surrounding macromolecular crystal growth.

Figure 4-9. Chain-folded lamellae in linear polyethylene—top and side view of the

weave-like pattern formed by polymeric stems (on the far right, the arrangement of 6

adjacent orthorhombic unit cells are indicated by the rectangular boxes).
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4.6 Wide-Angle X-ray Diffraction (WAXD): Powder Diffraction—The Debye-

Scherrer Technique

Obtaining interplanar (d) spacings, using the Bragg equation, has the disadvantage

that mounting a single crystal on a precise axis is time consuming. As a consequence, the

rotating crystal method is normally used to obtain a diffraction pattern. Another

disadvantage is the prerequisite of growing a single crystal of sufficient x-ray quality. It

is well known that synthetic polymers can seldom be obtained as macroscopic single

crystals, even if they are grown at low supercoolings from highly dilute solutions. For

macromolecules, the length and frequently appreciable amount of irregularities

(branches, etc.) hinders the attainment of the three-dimensional regularity required for

growing macroscopic single crystals.
167

Consequently, the powder method was developed independently by Debye and

Scherrer in Germany (1916)
168

and Hull in the United States (1917)
169

in order to gain

structural data from a source (polycrystalline powder) other than a single crystal. The

method was little used until after the First World War and did not receive marked

attention until the advent of the Debye-Scherrer camera based on the design of Buerger

(Figure 4- 10).
170



131

Figure 4-10. Debye-Scherrer powder diffraction camera, [mounted (left); un-mounted,

opposite view (right)].

One of the simplest ways of obtaining interplanar spacings is the Debye-Scherrer

method. The camera consists of a cylindrical chamber, tight cover, incident beam

collimator, beam stop, and a rotatable specimen holder. Detection of x-rays is

accomplished by the blackening of a strip of photographic film surrounding the sample

(Note: To obtain suitable films, typical exposure times are on the order of 2-6 hours).

The crystalline sample, ground into a powder or cut into a thin sliver, is placed into

a thin-walled glass (or quartz) tube and mounted in the middle of the circular chamber.

The sample consists of a very large number of tiny crystals that present essentially all the

possible angles 0 to the incident beam. So, every plane satisfies Braggs’ Law and may

diffract the beam onto the film. If only one crystal that satisfied the Bragg equation were

present, the exposure would only exhibit a small, singular spot, which corresponds to the

intersection of the diffracted beam with the film. However, in a powder, many tiny
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crystals offer a vast number of possible angles with respect to the beam axis. Thus, for

the planes that satisfy Bragg’s law, the rotation of one of these tiny crystals about the

beam axis will generate a cone of reflection that intersects the nearly planar film in a

circle (Figure 4-11). This film is too narrow to encompass the entire circle; therefore,

one observes a reflection circle that is placed symmetrically about the beam axis (Figure

4-12).

Figure 4-11. Reflected cones generated by the Debye-Scherrer powder method.

The geometry of the camera is set so that the reflected x-ray beam has an angle of

20 with respect to the incident beam. The incident beam has been diffracted from an

arbitrary crystal plane within the sample; thus, the sum of the two halves of a given

reflection cone subtend 40 of angle (Figure 4-12) which gives the relation [2s/40] =

[27ir/360],
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e = o° 0 = 90°

Figure 4-12. Geometry of a Debye-Scherrer Camera and relation to interplanar spacings

found on exposed photographic film.

All films presented in this work were generated on a small diameter camera with an

internal radius of 57.296 mm (r = 180/7t). This corresponds to 1 degree (40) being equal

to a measured distance of 1 mm on the film. Therefore, the three-dimensional spacings

for inter-crystalline planes (

d

values) can be calculated for an exposed film by rewriting

Braggs’ law as:

d =
2

2 sin

v 4 y

[Equation 4-3]

4.7 Small-Angle X-ray Scattering (SAXS)

Unlike WAXD, SAXS is only concerned with scattering at small angles.
171

Most

importantly, this technique provides structural information in the dimensional range of

10-1000 times greater than that which is obtained by WAXD. So, information obtained

by SAXS provides a method to investigate the interactions between stacks of crystalline
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lamellae, microfibrils, growth spirals, and any other macromolecular structure able to

exhibit long-range regularity. The main requirement for SAXS is that an extremely

efficient collimation technique is needed. Unfortunately, this cannot be easily

accomplished using the slit collimation technique unless a mathematical procedure

known as desmearing is employed; thus, pinhole collimation has become a favored

technique.

Pinhole collimation of x-rays is accomplished by passing the beam through a set

of sequential pinholes that are separated by defined distances. The advantage of this

technique is the avoidance of smearing effects encountered during slit collimation;

however, the drawback is that extremely long exposure times are needed in order to

compensate for the severe drop in resolution during scattering measurements. Kiessig

developed one of the earliest pinhole collimation cameras.
173

A commercially available Kiessig camera is shown in Figure 4-13. The sample is

mounted inside the sample holder (rectangular-shaped box mounted on the triangular

base). The collimator, capable of containing several interchangeable pinholes, is the thin

metal tube situated between the sample holder and x-ray source (far right). The body of

the camera (far left) is capable of being interchanged in order to vary the distance

between the sample and the recording film. For this particular camera, distances of 100

mm, 200 mm, and 400 mm are readily accessible. At the beginning of each

measurement, the entire camera chamber is evacuated by an oil rotation pump (~10'6 to

10"8 mm Hg) to avoid parasitic air scattering; without this, the film would blacken due to

the long exposure times. Scattering patterns are taken on flat film that has been
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previously cut to match the inner diameter of the sample holder’s base plate. (Note:

Exposure times for this method are generally on the order of 72-100+ hours).

Figure 4-13. Commercially available small-angle x-ray scattering device—Kiessig
Camera.

4.8 Three-Dimensional Structure Determination in Polymeric Materials

—

Additional Techniques

Analysis by x-ray diffraction is probably the most standard and straightforward

method used to study a polymer’s crystalline structure; however, there are many

alternative experimental tools that provide opportunities to elucidate a gambit of

structural information for a given material when used in tandem with the aforementioned

diffraction techniques. In this light, various methods have been employed: infrared

spectroscopy (IR), Raman spectroscopy, solid-state NMR (SSNMR), neutron scattering,

scanning electron microscopy (SEM), optical (light) microscopy (OM), and transmission

electron microscopy (TEM). Findings for the latter two techniques will be presented and

discussed later in this text.



136

Although both analytical methods are similar in theoretical basis, there are distinct

differences between the two. The TEM is similar in design to a conventional optical

microscope due to the wave-like nature of the electron. But in TEM, the typical electron

beam operates at a constant voltage of 120 keV with a monochromatic wavelength, A., of

3.7 pm, a value that is five orders of magnitude lower than the visible light (~ 380-770

nm) used in OM. In other words, OM allows practical magnification resolutions of up to

2000 x (roughly 500 nm), whereas magnifications on the order of 100,000 x are routinely

examined in TEM (resolution < 1 nm is typical in conventional instruments). The result

is that TEM allows for the structural examination of substantially smaller details when

compared to OM. The utility of the aforementioned techniques during the structural

characterization of macromolecular materials cannot be stressed enough; but, a detailed

description regarding the theory, use, and limitations for these instruments is not in the

scope of the current discussion. However, the reader is referred to several recent texts,

and references therein, that provide an adequate treatment concerning the newer

techniques and developments used to characterize polymeric materials.
174 ' 181

4.9 Introduction—Morphological Studies of EP Copolymers Containing Precise

Methyl Branching

A semicrystalline polymer may be considered to be a composite material

consisting of an amorphous matrix with dispersed deposits of rigid filler in the form of

crystals. However, the picture is slightly more complicated since there are also

supermolecular structures to be considered (morphology, crystallinity, entanglements,

interfacial region between amorphous and crystalline regions, etc.). Due to its simplicity,

linear polyethylene (PE) has been one of the most thoroughly studied materials in

attempting to understand the morphology and packing nature exhibited by a
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macromolecule.
963

’ 107 ’ 114 ’ 182 ' 185
However, the ability to accurately study the morphology

of an ethylene-based material is complicated when branches (defects) are introduced into

the backbone.

Industrially, the vast number of structural differences exhibited by ethylene-based

materials make them ideal systems for studying the impact small changes in molecular-

level architecture have on the polymer’s larger-scale structure, and thereby, its final

physical properties. In particular, variation in branch content, type, and distribution along

the PE backbone provide the most facile methods to vary the physical properties of these

materials. The most useful materials to study this phenomenon are prepared by the

copolymerization of ethylene with various alpha-olefins (1-alkenes) to produce a class of

polyethylenes (PEs) known as linear-low density polyethylene (LLDPE).

To date, structural studies concerning branching in LLDPE have focused on how

branch type and content influence molecular-level strucuture,
71

’
92c

’92d ’95a ’96a ’
107

’
114

’ 182,186 '206

while the topic of how the branch sequence length distribution affects the final

morphology/physical properties has not been heavily addressed.
207 '209

In large part, the

deficiency in obtaining experimental data has been due to synthetic limitations

encountered during chain propagation chemistry (i.e. radical backbiting, chain transfer,

chain walking, etc.). As a direct consequence of these side reactions as well as

differences in reactivity between ethylene and a given 1-alkene, the placement of the

branch is a random event. In order to address the question of what the true impact a

given branch has on final materials response, a synthetic method was needed to create a

series of linear low-density polyethylenes (LLDPEs) in which branch placement occurs
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in a precise methylene sequence length distribution (MSLD), thereby, creating a

completely homogenous microstructure.

Recently, a method was reported that eliminates chain transfer reactions as well as

the random nature of branching in ethylene/a-olefm materials by using the clean

polycondensation chemistry offered by acyclic diene metathesis (ADMET). 20 ADMET

creates ethylene/a-olefm systems with both a homogeneous composition distribution of

branches and well-controlled polydispersity (P.D. I. ~ 2.0). This presents an opportunity

to investigate the physical properties of ethylene/a-olefm copolymers with narrow

composition distribution, attributes that lend well to the modeling of the material

responses for classes of LLDPE made by metallocene catalysis. Therefore, ADMET

facilitates examination of the influence(s) short chain branching (SCB) and short-chain

branching distribution (SCBD) play in the ultimate response of ethylene/a-olefm

materials. Most recently, a series of five ethylene/propylene (EP) copolymers was

synthesized and studied in which a methyl branch was precisely placed on each and every

9
th

,
1

1

th

,
15

th

,
19

th

,
and 21

st
carbon along the backbone of PE (HP9, HP11, HP15, HP19,

and HP21). Here, HP is an acronym for hydrogenated polymer and the 9,11,15, etc.

refers to the nth carbon on which the branch is precisely placed ,

20
The general structure

for this new class of EP copolymers is shown below (Figure 4-14).
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h
v/

ch 3

Where:
m Polymer

8 HP9
10 HP11
14 HP15
18 HP19
20 HP21

Figure 4-14. EP Copolymers possessing precise methyl branch placement.

Herein, we describe the first wide-angle x-ray diffraction (WAXD), small-angle x-

ray scattering (SAXS), optical microscopy (OM), transmission electron microscopy

(TEM), and electron (e-) diffraction observations made during macromolecular, crystal

morphology studies for two of these materials, HP15 and HP21. The most important

question to answer here is what effect precise branch placement has had on chain

packing? Does the material still allow for methyl branch incorporation both inside the

crystalline lamellae as well as within the amorphous region (Model A, Figure 4-15; based

on Eby’s model ), or does the precise branch placement lead to deliberate ejection of

the methyl branch into the amorphous region (Model B, Figure 4-15; based on Flory’s

exclusion principle
53
)?

For the two-phase model illustrated in Figure 4-15, co a and coc represent the

amorphous and crystalline regions, respectively. The long period (spacing), di,

encompasses the combined thickness of the crystalline and amorphous region. It is also

worthy to note that the crystalline region, coc , is sometimes referred to as L, which is an

alternative shorthand used to represent the crystalline core material.
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Model illustrating methyl branches

in both the crystalline (coc) and amorphous

regions (coa).

(B)

Model illustrating methyl branches

contained solely in the amorphous

region (co a).

Figure 4-15. 2-Dimensional representation of possible fold surfaces postulated for model

ADMET EP copolymers prior to x-ray studies (based on folded-chain lamellae theory for

a two-phase model).

Numerous studies on EP copolymer systems containing random methyl branches

have pointed to Model A (Figure 4-15) as being the correct chain-folding mechanism.

Indeed, it is well established that propylene units may be included within the

orthorhombic lattice of polyethylene, due to the pioneering work of W. C. Bunn
145

and

others that have followed.

Model B depicts a chain-folded surface containing sharp folds. Due to the precise

placement of the methyl branch in ADMET EP copolymers, it was postulated that

induced folding at the branch point could occur during crystallization of these materials.

The main aim of this study is to deduce which structural model best describes the

morphology of this new class ofEP copolymers.
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4.10 Experimental

4.10.1 Materials

Model ethylene-propylene (EP) copolymers (HP15 and HP21) possessing precise

methyl branch placement were synthesized as previously described. The sample of

Lupolen 1810H, possessing a branch content of 33 methyls/1000 carbons, was provided

by the BASF Company (BASF AG; Ludwigschafen, Germany).

4.10.2 Differential Scanning Calorimetry (DSC)

Calorimetric analyses were performed using a Perkin-Elmer DSC 7 equipped with

Pyris Software for Windows (Copyright © 1999, Perkin Elmer LLC) and a Controlled

Cooling Accessory (CCA 7). The measuring block and surrounding glove box were

flushed with nitrogen (alumina column dried). Helium (alumina column dried) was used

as the carrier gas due to the subambient temperature ranges. Thermal calibrations were

completed using indium and rc-octane standards for onset melting temperature transitions;

indium was also used as the enthalpy calibration standard. In order to examine finer

detail, sample weights were decreased greatly when compared to initial studies.
20

Typically, weights ranged in the order of 1.40 to 2.50 (+/- 0.01) milligrams. In this case,

exact film thickness in the DSC sample pan is unknown. An empty pan measurement

was subtracted from each DSC run. Scans were isothermally held for 1 minute at 60-120

°C below the peak melt found in initial studies. Subsequently, the sample was heated at

20 °C/min to a point 80 °C above the peak melting point and isothermally held for 1

minute. The cooling curve was performed in a similar manner to an endpoint where the

sample was isothermal held (60-120 °C below the peak crystallization temperature) for 1

minute. This process was repeated for at least 3 scans with data collection taken on the

3
rd
scan (not the case for annealing experiments which are collected on the first scan).
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Crystallinity values were derived on the basis of previous studies by Wunderlich."

However, Mathot and coworkers have developed a method using heat capacity

measurements to obtain extrapolated crystallinity values in this regard and should be

consulted for those attempting to calculate crystallinities for randomly branched

. 100-102
systems.

Fortunately, ADMET EP copolymer model systems exhibit sharp, distinct melting

and crystallization curves when compared to counterparts synthesized by chain

chemistry, as described earlier.
20

The following relationship found by Wunderlich" (Eq.

4-4) was employed to calculate crystallinity (wc) values for the EP copolymer models

made via ADMET.

yy
=_l-L [Equation 4-4]

c Ah f

Where the melting peak area (Ah'f) is determined above the baseline in an attempt

to exclude the contribution from the heat capacity. This value is then compared to the

heat of fusion for completely crystalline PE at the same average temperature (Ahj). The

Ahf value for completely crystalline PE was found by extrapolation to be approximately

293 J/g (70 cal/g).
99
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4.10.3 Wide-Angle X-ray Diffraction (WAXD)

4.10.3.1 Debye-Scherrer camera

A Philips Debye-Scherrer camera was used to generate wide-angle film patterns.

The source was Ni-filtered Cu K« - radiation with a wavelength of 1.5418 A. The

diameter of the camera was designed so that a 1 mm distance between reflections (40)

corresponds to 1 degree. Samples were prepared from melt-crystallized material with

approximate dimensions of 1mm x 15mm x 1mm. Samples were not annealed prior to

making this measurement. All measurements were made at room temperature.

4.10.3.2 ENRAF-NONIUS Diffractus 586

This instrument was equipped with a banana-shaped detector for 20 = 120°, an Inel

detector CPS 120 (produced in-house, MPI-P), and variable temperature controller (in-

house, MPI-P). The source was Cu K<xi - radiation monochromatized by a germanium

monochromator to produce a wavelength of 1.5406 A. Temperature dependent wide-

angle diffractograms were recorded between room temperature and 118 °C for HP15 and

room temperature and 140 °C for HP21. Calibration was performed using ZnO (NBS-

Standard). Data evaluation was accomplished with commercial software from ENRAF-

NONIUS (GUFI 3.0/ENFRAF-GUFI 1.05).

4.10.4 Small-Angle X-ray Scattering (SAXS)

4.10.4.1 Sample preparation—annealing

To obtain optimal results, melt crystallized samples were annealed for extended

periods of time before x-ray analysis. Both HP15 and HP21 were annealed in an

isothermal bath for five days at 20.0 °C (+/-0.5 °C) and 43.0 °C (+/- 0.5 °C), respectively.

These temperatures, which produce a maximum in both enthalpy and peak melting point

for HP15 and HP21, were pre-determined by in-depth DSC analysis.
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4.10.4.2 Kiessig camera

A SEIFERT (Germany) Kiessig camera was used to produce small-angle film

patterns. The source was Ni-filtered Cu K** - radiation with a wavelength of 1.5418 A.

Unoriented samples (thin fibers) have been annealed (see 2.4.1, above) prior to the x-ray

measurement. The Kiessig camera is a pinhole collimated small-angle device with

photographic recording. The collimation is performed by a set of four apertures.

Measurements were taken at several camera lengths (100 mm, 200 mm, 400 mm). Note,

for example: at 400 mm, the apertures have diameters of 0.4, 0.6, 0.4, and 0.7 mm

(beginning at the x-ray tube) with a 4 mm diameter beam stop. Suitable films were

obtained by exposing the sample to source x-rays for 3-5 days, depending on camera

length. All measurements were made in vacuo in order to reduce air scattering effects.

4.10.5 Optical (Light) Microscopy.

4.10.5.1 Sample preparation

All samples were prepared by solution crystallization from tetrachloroethylene

(TCE) at room temperature. Dilute solutions of the polymer were transferred to

microscope slides by pipette. After evenly depositing a thin layer of the solubilized

material, the microscope slide was placed into a petri dish containing a pool of TCE (the

microscope slide was elevated above the solution by placement on top of a cut piece of

glass; referred to as the mote technique). The petri dish was covered and the solvent was

allowed to slowly evaporate (9-10 days) in the attempt to obtain the thinnest sample

specimen possible.

4.10.5.2 Instrumentation

A Zeiss Axiophot equipped with Differential Interference Contrast (DIC) facility in

reflected light was used to obtain all light microscopy images. Samples, previously
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crystallized on a microscope slide were mounted between crossed-polarizers and

observed with transmitted light. Crystallization kinetic(s) observations were made using

a LINKAM TH600 heating stage equipped with a LINKAM TMS90 controller. The

heating stage was mounted between the crossed-polarizers.

4.10.6 Transmission Electron Microscopy (TEM) and Electron Diffraction (e-

diffraction).

4.10.6.1 Sample preparation

Dilute solutions of HP15 and HP21 were made using TCE as solvent. Some drops

of a suspension of PE growth spirals were brought onto glass where the solvent

(tetrachloroethylene) was allowed to evaporate. This sample was subsequently shadowed

with Pt and covered by a carbon supporting film giving an estimated thickness of 10-20

nm.

4.10.6.2 Instrumentation

TEM images were recorded on a Zeiss EM 902 equipped with a Castaing-Henry

Spectrometer (2 magnetic sectors and an electrostatic mirror) at a maximum voltage of 80

keV. Electron diffraction measurements were obtained using a LEO EM 912 equipped

with an OMEGA Spectrometer (contains magnetic parts only) at a maximum voltage of

120 keV.

4.10.7 Infrared (IR) Spectroscopy

Fourier transform infrared (FT-IR) spectroscopy was performed on a Bio-Rad FTS-

40A spectrometer. Rapid scan mode was employed at rate of 0.15 sec/scan with a 1 cm'
1

spectral resolution. Complete hydrogenation of the unsaturated ADMET prepolymer was

verified by the absence of the out-of-plane C-H bend for the internal olefin at 967 cm'
1

.

All solution cast polymer films were prepared by evaporation from tetrachloroethylene
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onto a KBr salt plate. Melt cast films were prepared by melting/recrystallization of the

thin film originally cast from solution.

4.10.8 Raman Spectroscopy

Raman Spectra were obtained at the resolution of 2 cm"
1

by a Dilor XY-800

spectrometer equipped with a silicon chip charge-coupled device (CCD) detector (Type

CCD05, Wright Instruments). Laser sources were an Ar+ (10W, INNOVA 400;

Coherent Palo Alto CA, USA), Kr+ (1W, INNOVA 90; Coherent), HeNe (633 nm, 30

mW; Siemens Munich, Germany), and a diverse HeNe (633 nm/NIR with a laser line

from 330 to 1152 nm). All data was produced with 1.800 nm"
1

as the fixed grating (grid)

distance. Data manipulation was achieved using PC Pentium, Windows 95 Software

Version 2.08.

4.11 Results and Discussion

4.11.1 Thermal Behavior

Several calorimetric studies relative to the crystallinity of statistically branched

EP copolymers have been performed and shown that the introduction of methyl branches

along the backbone of PE causes a decrease in the total crystalline population with an

increase in propylene content;
210 "212

and it is also well established that ethylene-based

copolymers are essentially amorphous when the ethylene content is lower than 60-65

mole percent.
920 ’940,210 '213,214 Randomly branched LLDPEs exhibit broad, and sometimes

multi-modal, endothermic peaks whose melting peak maximum is normally positioned in

the range of 30-105
88 >92d >94d ’21 1222

in contrast to statistically branched EP copolymers,

initial calorimetric analysis on thermally erased ADMET EP copolymer models gave

distinct, sharp melting points for the entire series studied;
20

in fact, the breadth of all

endothermic events for EP copolymers with precise methyl branching were more narrow
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than those reported for statistically branched EP copolymers with comparable

comonomer contents.
92d '214

In summary, the perfect control of methyl branch sequence length distribution had

a profound influence on the thermal behavior of these new ethylene-co-propylene

materials. Also, as in industrially made EP copolymers, it was found that the melting

point, heat of fusion, and percent crystallinity decrease as the amount of defect content is

increased for ADMET EP copolymer models, a trend that is predicted by the Flory

relationship.
55

Recently, more in-depth calorimetric analysis of HP15 and HP21 showed the

existence of bimodal melting and crystallization kinetics after the samples were aged

and/or annealed. It is noteworthy that the thermal history of these materials becomes

important during WAXD/SAXS studies. In order to exploit this phenomenon, a series of

annealing conditions were investigated in order to find melting point and heat of fusion

maximums for both HP15 and HP21 (Table 4-1). Attaining a state that maximizes

crystallinity becomes vital when attempting to generate suitable SAXS films for these

model materials, particularly during long-spacing (di) measurements. When found, the

proper annealing condition will generate a maximum percent crystallinity for a given

material, thereby, increasing the opportunity for source x-rays to be scattered.
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Table 4-1. Optimized Peak Melting Temperatures and Crystallinity Found After

Annealing Experiments for Extended Time Periods.

ADMET

polymers

methyls per

1000 Carbons

Tm (peak)"

(°C)

Ahm

(J/g) Crystallinity
6

HP15 67 40.4 92.3 0.315

HP21 48 63.0 146.6 0.500

a
See Experimental Section 4.10.2 for details. Data obtained from samples that were thermally

erased, quenched with liquid nitrogen, and finally annealed for 5 days below the melt at 20.0 °C
(HP15) and 5 days at 43.0 °C (HP21). All calorimetric curves obtained at scan rate of 20

°C/min.
b
Crystallinity determined by dividing the experimentally found heat of fusion by 293 J/g

(theoretical value for completely linear PE).
99

By annealing both HP15 and HP21 at approximately 19.5 °C below the peak melt

(found for a thermally erased sample) for 5 days, a maximum in the crystallinity for each

compound was achieved. The physiochemical result of annealing is illustrated in Figure

4-16. As illustrated below in Figure 4-16, a thermally erased sample exhibits a small pre-

melting region and sharp melting transition, whereas, the annealing process leads to

bimodal melting kinetics. As predicted by the Thomson-Gibbs relationship (Eq. 4-5),
118

an increase in melting point and enthalpy induced by annealing are evidence that crystal

thickening is taking place. The Thomson-Gibbs Equation is written as:

rp rp 0
1 m 1 m 1 -

2cr

L(Ah'
f )

[Equation 4-5]

where Tm
°

is the equilibrium melting point (Kelvin) of an infinitely large crystal of PE

(Tm
° = 418.65 K); oe is the top and bottom specific free energy per unit area of the PE

basal face (ae
= 87 x 10'3

J/m
2

); Ah^ is the bulk enthalpy of fusion for an infinitely large

crystal of PE (Ahf= 293 x 10
6
J/m

3

); and the observed melting temperature, Tm (Kelvin),

gives a lamella thickness of L (crystalline core in Angstroms). Using this relationship,
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the predicted lamellar thickness, L, for both HP15 and HP21 has been calculated by

using the observed melting temperatures (peak) found during annealing optimization

studies (Table 4-2).

The calculated values for HP15 and HP21, presented in Table 2, are also compared

to theoretical long-spacings calculated for a typical commercial HDPE (observed Tm =

132-135 °C) and LDPE (BASF 1810; observed Tm = 108.9 °C). When comparing LDPE

and HDPE, it is evident that the lamellar thickness increases markedly as the SCB

content decreases; however, in going from HP15 (67 methyls/1000 carbons) to HP21 (48

methyls/1000 carbons), there is only a relatively small increase in the lamellar thickness,

a trend that has been observed before when defect content is greater than 15 SCBs/1000

carbons.
224,225

The theoretical lamellar thicknesses obtained here will later be compared

to experimental values obtained during SAXS.

It must be cautioned that the Thomson-Gibbs relationship has been used as a basis

of discussion only. There are inherent difficulties encountered when deriving theoretical

values from Equation 4-5; namely, this stems from the fact that small crystals are not

stable when subjected to varying annealing conditions. In fact, Wunderlich
226

and

Lauritzen and Hoffman
160

were the first experimentalists to apply the Thomson-Gibbs

Equation (Eq. 4-5) in efforts to explain the metastability encountered during small crystal

melting. In addition to Wunderlich’s initial work, several groups attempted to examine

the metastability phenomenon for less perfect crystals of flexible, linear macromolecules,

specifically those containing internal defects (branches, tie-molecules, etc.).
227'237

Although much information was gathered from these studies, a definitive explanation of

crystal thickening was unable to be formulated for non-ideal systems (defect containing)
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because of the existence of 1) nonequilibrium and equilibrium defects and 2) the

unknown nature and SCBD of point defects along the polymer backbone. Despite

possible shortcomings, recently, several authors have efficiently utilized this relationship

in a qualitative manner when comparing different grades of branched pe .

224,225 ’238

(a) HP15 (67 Methyls/1000 Carbons)

Annealed for 5 days (Scan 1) J
T
m = 40.4°C Ah, = 92.3 J/g /

Annealed for 1 hour (Scan 1) /

Tm = 39.2°C Ah, = 81 .9 J/g J

Thermally Erased Sample /

Tm = 39.3°C Ah, = 88.4 J/g J

i 1

i
'

i

'

1

0 20 40 60

Temperature (°C)

(b) HP21 (48 Methyls/1000 Carbons)

Figure 4-16. Optimizing crystallinity through isothermal annealing

—

HP15 (4- 16a) at 20
°C vs. HP21 (4- 16b) at 43 °C—Expanded view comparison. [All measurements taken at

a Scan Rate = 20 °C/minute.]
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At present, the exact mechanism that leads to metastability and bimodal thermal

events in polyolefins is still debated; however, a logical postulate for the EP copolymer

models presented here is that the melting of discrete morphological populations of the

same crystallographic form, differing only in size and perfection, is taking place.

Regardless of the reason, thermal behavior studies for HP15 and HP21 have produced

very surprising results when compared to normally observed trends for randomly

branched EP copolymers. These findings spurred interest to gain further behavioral

information for ADMET EP copolymer models with a precise SCBD of methyl groups

by gathering microscopy and x-ray diffraction data in order to deduce secondary and

tertiary structural information.

Table 4-2. Crystal Thickness (L): Theoretical Calculation Based on the Thomson-Gibbs
Equation.

ADMET

polymers

methyls per

1 000 carbons

Tm (peak)
0

(°C)

L b

(A) crystallinity
0

HP15 67 40.4 24 0.315

HP21 48 63.0 30 0.500

LDPErf

33 108.9 68 0.419

HDPEe <5 132-135 130-250 0.6-0.

8

a
See Experimental Section 4.10.2 for details. Data obtained from samples that were thermally

erased, quenched with liquid nitrogen, and finally annealed for 5 days below the melt at 20.0 °C
(HP15) and 5 days at 43.0 °C (HP21). All calorimetric curves obtained at scan rate of 20

°C/min.
b
Theoretical long-spacing values calculated by inserting observed melting points (peak

value) into Equation 5 and solving for L.
118 e

Percent crystallinity determined by dividing the

experimentally found heat of fusion by 293 J/g (theoretical value for completely linear PE).
99 d

BASF 181 OH, acquired from BASF (Germany).
e Commonly encountered values for HDPE

made by Ziegler-Natta or metallocene catalysis.
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4.11.2 X-ray Diffraction

As previously described, numerous thermal behavior studies have been performed

for chain produced EP copolymers with statistical methyl branching;
88,92d ’94d ’210'222

however, there have also been numerous morphological studies devoted to these

materials. In particular, there exists a great deal of x-ray diffraction data for a variety of

EP copolymers synthesized by way of both Ziegler-Natta (vanadium or titanium-based)

00/4 OIO 010 01O o

1

and metallocene catalysis.
’ ’

’ From these studies, data has been garnered

supporting the fact that propylene units can be incorporated into the PE orthorhombic

unit cell;
210,239'244,247

although, there are literary examples that purport methyl branch

exclusion from the crystal lattice.
92d

Thus, the influence of branch size on branch

location has provoked a wide range of opinions. In addition, one study by Swan has even

reported that branches of up to five carbon atoms in length may be included into the

polyethylene lattice.
239

Although several varying opinions have been formulated, it is now generally

accepted that EP copolymers allow methyl branch inclusion into the crystal and are

semicrystalline materials whenever the propylene content falls below 35-40 mol %.
210'

212,217,240
|n orcjer t0 compensate for methyl branch inclusion, normal PE lattice

dimensions [a0 = 7.45 A, b0 = 4.97 A, and c0 = 2.54 A] have been shown to undergo

expansion or distortions within the ab plane but remain relatively unaltered in the

direction running along the stem axes of nearly zig-zag (trans) planar stems.
92d ’239 '

241,244,248-251

Indeed, diffraction data obtained for an array of ethylene-co-propylene materials

have revealed that the b and c axes basically retain the same dimensions regardless of

propylene content; whereas, the a axis of the polyethylene unit cell increases more or less
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proportionally with an increase in propylene content.
210 '241,247

For high propylene

contents (>40 mol %), EP copolymers are essentially amorphous under normal

conditions;
210 ’247 however, successful crystallization of EP materials, with high propylene

content, has been induced by stretching under high-pressure to give a pseudo-hexagonal

lattice, as determined by x-ray diffraction measurements.
210,249 '250

It is important to note

that nearly all of this ‘induced crystallinity’ disappears upon removal of the applied

pressure at room temperature. Nonetheless, the crystalline nature for these materials has

been successfully analyzed by diffraction techniques when a given sample, immediately

after pressure removal, is examined at low temperatures (at or below -30 °C). For the

pseudo-hexagonal unit-cell of EP materials with elevated defect contents, it should also

be noted that the a parameter becomes approximately equivalent to [

b

x (3)
/2

], the product

of b parameter and the square root of 3.

The conversion from the orthorhombic to psuedo-hexagonal form has also been

observed at elevated temperatures/pressures for oriented PE; and as a result of number of

structural studies performed on oriented samples of linear
252 ’270

and branched

polyethylenes,
202,2 10,249,250

the pseudo-hexagonal form for polyolefin-based materials has

been described as being a conformationally disordered (condis) mesophase that mimics

the orientation and physical properties normally encountered on the periphery of the

substance’s melting point.
’ ’ ^ Without a doubt, orthorhombic and pseudo-

hexagonal are not the only three-dimensional structural possibilities for PEs—evidence

also exists for the monoclinic
273

and triclinic
139,274,275

’ forms; however, emphasis has been

placed on the discussion of the pseudo-hexagonal phase in light of the results found for

the ADMET EP copolymer model compounds discussed herein, vida infra.
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4.1 1 .2.1 Debye-Scherrer camera—powder diffraction (WAXD)

Figure 4-17. WAXD—Debye-Scherrer film from powder diffraction of an EP copolymer

with random methyl branching (BASF 181 OH; 33 methyls per 1000 carbons as

determined by
13C NMR).

Figure 4-17 depicts the unoriented powder diffraction pattern produced by an EP

copolymer with random methyl branching. Attention should be directed towards the two

reflections with the highest intensity; the elevated intensities indicate that these two

planes are the most closely packed in the material. Fortunately, a plethora of data exists

for the diffraction patterns of PE-based systems, so one is able to index the reflections

given by this material through the substitution of measured values into the general

relations valid for all crystal systems (a knowledge of the relations between the direct and

reciprocal lattices is also required).
276 '279

The two innermost reflections correspond to the

(110) and (2 0 0) crystal planes for the PE orthorhombic unit cell. These reflections are

the normal benchmarks for any PE-based material’s diffraction measurement because

they account for the majority of x-ray scattering. Upon further examination, additional

reflections are also present, albeit much weaker. A complete listing of d spacing

information for BASF 181 OH is provided in Table 4-3.
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A few points are evident when examining the data more closely. First, all of the

reflections are weak or very week in intensity except those corresponding to the (1 1 0),

(2 0 0), and (0 2 0) planes—a direct result from the varying electron densities of

crystallographic planes. By using ^-values obtained from the three most intense

reflections, the lattice parameters for this EP copolymer are roughly: [a = 7.68 A, b0 =

5.08 A, and c0 = 2.54 A], As expected, the a parameter for the unit cell of the EP

copolymer (7.68 A) is larger than that for linear PE (7.45 A). As noted previously,
9213 ’239 "

241,244,245,248-251
change jn this dimension of the unit cell results from the minimization

of lattice free energy whenever defects are incorporated into the crystalline material.

Table 4-3. Debye-Scherrer Scattering Data for EP Copolymer with Random Methyl

Branching (BASF 1810H; 33 methyls/1000 carbons as determined by
l3C NMR).

20

(mm)

d value

(Angtroms)

hkl Relative

Intensity

19° 20
— Amorphous Halo dark

20.9 4.26 1 1 0 v. strong

23.2 3.84 200 strong

29.6 3.02 2 1 0 v. weak

35.4 2.54 020 Medium

38.8 2.32 3 1 0 Weak

42.9 2.11 2 2 0 or 2 0 1 v. weak

46.2 1.97 2 1 1 v. weak

51.7 1.77 4 2 0, 3 2 1? v. weak
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Figure 4-18. WAXD—Debye-Scherrer film from powder diffraction of HP15
(theoretically 67 methyls/1000 carbons).

Table 4-4. Debye-Scherrer Scattering Data for HP15: EP Copolymer with Precise

Methyl Branching (67 methyls/1000 carbons).

20 d value hkl Relative

(mm) (Angtroms) Intensity

20.3 4.39 v. strong*

35.5 2.53 Weak

40.3 2.24 medium

50.5 1.81 v. weak

*Result of 2 overlapping reflections.

Debye-Scherrer patterns and scattering data in tabular form are presented in Figure

4-18/Table 4-4 for HP15 and Figure 19/Table 4-5 for HP21. Initially, it was hoped that

scattering patterns from the two model EP copolymers with precise branching could be

indexed in a similar manner as the randomly branched EP copolymer, BASF 181OH

(Figure 4-17); however, after studying both sets of data, it became immediately apparent

that the geometry for HP15 and HP21 was not orthorhombic. An attempt was made to

correlate the observed reflections to experimental and literature values given for the
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monoclinic
273

and triclinic
139,274,275

unit cells of PE; but, it was determined that neither

geometry was applicable in relation to the observed Bragg reflections for HP15 or HP21.

Figure 4-19. WAXD—Debye-Scherrer Film from Powder Diffraction of HP21
(Theoretically 48 methyls/1000 carbons).

Table 4-5. Debye-Scherrer Scattering Data for HP21 : EP Copolymer with Precise

Methyl Branching (48 methyls/ 1000 carbons).

20

(mm)

d value

(Angtroms)

hkl Relative

Intensity

18.8 4.72 v. strong

21.8 4.09 v. strong

25.1 3.55 Strong

34.7 2.59 medium/strong

38.1 2.36 medium

40.4 2.23 Strong

48.1 1.89 v. weak

53.5 1.71 Weak

75.0 1.27 v. weak

Despite these facts, there are some initial points that must be made here. For one,

there are many more observed reflections for HP21 when compared to HP15. This most

likely is a direct result of defect content. It could be postulated that the HP21 lattice.
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with 48 methyls/1000 carbons is less distorted (contains a higher crystalline content) than

HP15 (67 methyls/1000 carbons), a fact that is supported by the crystallinity differences

obtained by differential scanning calorimetry. Also, with less defects, HP21 does not

have as many free energy barriers to overcome during crystal formation as does HP15,

thereby, allowing the HP21s crystal planes to pack more densely. Secondly, attention

should be directed at the very strong inner reflection for HP15 with a d value of 4.39 A.

As denoted in Table 4, a faint indication of two unresolved peaks was observed;

unfortunately, the resolution of the film did not allow for deconvolution of the two peaks

so the d-value provided in Table 4-4 is the result of an average. In order to possibly

investigate the unresolved reflections for HP15 and to conduct temperature dependent

studies, both samples were analyzed using a complimentary WAXD instrument equipped

with a position-sensitive counter.

Figure 4-20. Diffractus Model 586—Powder Diffraction (WAXD).
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4.11.2.2 ENRAF-NONIUS Diffractus 586—powder diffraction (WAXD)

Figure 4-20 illustrates the second instrument utilized to obtain WAXD for HP15

and HP21. The instrument was equipped with a banana-style detector, rotating sample

holder, and a controlled heating accessory. The attached heating device made

temperature-dependent WAXD measurements possible. Data collection for all samples

was taken for acquisitions times on the order of 2-3000 seconds.

The first goal was to elucidate the overlapping reflections obtained by the Debye-

Scherrer camera exposure of HP15. To begin, a comparison of HP15 versus HP21 was

made at room temperature in order to mimic the same sample condition employed during

the camera exposures. As depicted in Figure 4-21, the computer generated measurement

proved to be a fine compliment to the film measurements made earlier. Although the

reflections still overlap one another, the resolution was sufficient to enable assignment of

two distinct d values (4.34 and 4.25 A) to the previously unresolved peak in HP15.

Additionally, as in the Debye-Scherrer exposures, HP21 appears to contain a higher

percentage of crystalline material when compared to HP15 on the basis of intensity

differences. So, relative crystallinity differences found by x-ray diffraction tend to

concur with calorimetry findings with respect to the observed enthalpic differences found

for HP15 and HP21.

Owing to the previous thermal aging and annealing effects found for both HP15

and HP21, a series of temperature-resolved WAXD experiments were carried out in

order to determine the possible influence(s) to d spacings during crystallization of

material from the melt.
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Figure 4-21. WAXD—Powder diffraction of HP15 versus HP21 at room temperature.

Figure 4-22 depicts temperature-dependent WAXD measurements during cooling

for HP15. During each step of melt crystallization, the sample was isothermally held (+/-

1 °C) at the elevated temperatures (Figure 4-22a-c) for a period of 1 hour prior to

collection of diffraction data; however, the final measurement was taken after holding the

sample at room temperature for a 24 hours period (Figure 4-22d). From Figure 4-22a, the

amorphous halo was estimated by profile fitting to be 18.2° (20), a value much lower

than that normally observed for linear and branched PEs (typically 19-20° 20). As shown

here, the intensities of both reflection maximums (

d

= 4.34 and 4.25 A) increase as the

material is crystallized from the melt. This trend is reversible during the melting cycle

for these materials, also. In fact, the comparison of several heating and cooling cycles

clearly show that these results are reproducible, both in position and relative intensities

for each observable peak reflection and/or the amorphous halo region.
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a) HP15 (Temp : 78°C)

C)

20 (deg rees)

HP15 (Temp : 40°C to38°C)

b) HP15 (Temp : 78°C to 40°C)

d)

20 (degrees)

HP15 (Temp : 38°C to RT)

20 (degrees) 20 (degrees)

Figure 4-22. WAXD—Temperature dependent measurements during cooling for HP15
at: a) 78 °C (40 °C above peak melting temperature found calorimetrically) b) 40 °C
c) 38 °C d) room temp.

A similar temperature-dependent WAXD study was carried out for HP21. Here,

the amorphous halo was found to be 18.5° (20), a slightly higher but comparable angular

value found during the analysis of HP15. Accordingly, as observed in HP15, the two

reflection maximums for HP21 (

d

= 4.66 and 4.04 A) exhibited intensity increases as the

material was crystallized from the melt. However, in contrast to the overlapped

reflection maximums in HP15, the definitive separation of HP21’s two reflection

maxima provided a more advantageous opportunity to study any possible lattice

distortions encountered during crystallization from the melt. Upon a decrease in

temperature (Figure 4-23b to 4-23c to 4-23d), the lower intensity reflection remains

relatively constant (average d value = 4.04 A), while the higher intensity reflection shifts
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to lower angles of 20 (i.e. higher d values: 4.55 to 4.56 to 4.66 A, respectively).

Qualitatively, this change to lower-angled reflections is most probably due to distortions

in the ab dimensions of the unit cell during the crystal thickening process; although, in

regards to the influence(s) on a specific crystallographic plane, a quantitative assessment

is impossible at this time since reflection indices have not been assigned.

26 (degrees) 20 (degrees)

20 (degrees) 20 (degrees)

Figure 4-23. WAXD—Temperature dependent measurements during cooling for HP21
at: a) 100 °C (40 °C above peak melting temperature found calorimetrically) b) 54 °C
c) 48 °C d) room temp.

Despite indexing difficulties and the differences in defect content, a number of

similarities exist in the diffraction data for HP15 and HP21. First, both samples exhibit

an increase in intensity of primary reflections during cooling from the melt; and although

not presented here, HP15 and HP21 show an increase in primary reflection intensities
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during room temperature annealing which verifies findings found during thermal

behavior experiments in regard to annealing effects.

Secondly, during temperature-dependent WAXD heating experiments, an inverse

effect was observed in relation to the relative reflection intensity for primary maxima that

was found during the cooling process—as the samples were heated from the crystallized

form, a continuous decrease was observed for all reflection maxima. This is unequivocal

proof that the intensity increase, during cooling from the melt, is not caused by further

crystallization (i.e. secondary amorphous to crystalline phase changes), but rather an

improvement of overall crystalline organization in the existing matrix. So, the WAXD

for the ADMET EP model systems presented here indicate that these materials do not

conform to a strict two-phase model when considering the chain-folding crystallization

process. In concurrence with calorimetry results, the diffraction data for HP15 and HP21

give credence for the operation of a bimodal crystallization mechanism. The

development of a primary crystalline phase is followed by the creation of a second, either

less-ordered or smaller-domained phase; however, each individual crystalline segment

should possess independent behavior in regard to its crystallization kinetics and melting

behavior, a result that is enhanced during annealing of said materials (See Section

4.11.1). A similar bi-phasic crystallization process has recently been postulated for a

LLDPE commercial material with hexyl branches {ethylene-co-octene (EO)}. ’

Thirdly, in going from HP15 (67 methyls/1000 carbons) to HP21 (48 methyls/1000

carbons), an increase in defect content resulted in a drastic change in the position of the

two primary reflections. Intuitively, this is most likely due to changes in relative spacing

of the ah dimensions within the unit cell. When comparing the lattice parameters for a
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uniform PE unit cell and that for a randomly methyl-branched EP copolymer, an increase

in propylene content typically results in an increase in the unit cell’s a dimension [10 0]

but very little change in the b [1 1 0] and c [0 2 0] directions.
92d,239 ‘241 '244,245 ’248 '251

If the

assumption is made for HP15 and HP21 that the reflections with primary intensity and

secondary intensity correspond to the (1 1 0) and (2 0 0) planes, respectively, there is an

immense effect made upon both the a and b dimensions for EP copolymers with precise

methyl branch placement. Of course, this is speculative at best; and without assignment

of Miller indices, final comments cannot be made concerning the exact nature of unit-cell

long-range order (

c

dimension) or amorphous halo location in comparison to existing

ethylene-based materials.

The two-phase structural model for semicrystalline polymers divides the three-

dimensional state of these systems into 1) the amorphous (disordered) phase and 2) the

crystalline (ordered) phase; however, experimental results have shown that the

crystallinity range for known semicrystalline polymers is limited to 5-95%. From the

phase rule theory in regard to a one-component system (a composite in this case), it is

understood that attaining equilibrium is impossible for either phase. Since both phases

exist simultaneously in the material below the melting point and a polymer with 100%

crystallinity has never been observed, it is logical that there must also be an intermediate

phase, or even several phases (mesophases), between the two. These regions have

customarily been dubbed as interstitial crystalline/amorphous regions or simply as

amorphous defects.
114
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Figure 4-24. WAXD—Suggested evidence for an ordered mesophase in the amorphous

region (HP21).

Figure 4-24 suggests the existence for some type of ordered mesophase in HP21.

Evidence for a mesophase can be attributed to the significant intensity decrease in the

amorphous halo for HP21 upon heating the material from 100 to 140 °C. Normally,

ethylene-based materials, even at 0.5-1 °C above the peak melting point, produce a

singular, broad/Gaussian-shaped amorphous halo that is very weak in intensity. Figure 4-

24a depicts the characteristic shape generally observed during the x-ray diffraction of

linear and statistically branched PEs when completely in the melt. But as illustrated

above, on cooling from 78 to 38 °C above the peak melting point (~62 °C), HP21

exhibits a noticeable increase in amorphous halo peak intensity when measured at the

lower temperature (Figure 4-24b; HP21 at 100 °C).

During temperature-resolved WAXD experiments, crystallization of the HP21 was

qualitatively monitored by the initial development and subsequent increase in primary
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crystal plane reflections when cooling the material from the melt. Using increasing

intensity as a basis for an increase in relative structural order, it is postulated that HP21

undergoes some degree ofordering while in the melt at 100 °C. The significance of this

ordering at 1 00 °C is counter to the entropic barriers that normally prevent such an event

to take place. The organization of this EP copolymer at such an elevated melt

temperature is most probably a consequence of the precise methyl branch placement

along the polymer backbone. Although HP21 was heated to almost 40° C above the peak

melt, x-ray diffraction results have revealed that the polymer apparently undergoes some

type of chain rearrangement in preparation for the crystallization process—this is a new

finding for any polyolefin-based material while being maintained at such an elevated

temperature above the peak melting point. Although not discussed here, the same

ordering phenomenon was observed for HP15 as well.

Upon further inspection of the amorphous halo region for HP15 and HP21, the

presence of a secondary halo is also evident (Figure 4-25)—a similar finding has recently

been observed for an EO copolymer synthesized by Dow Chemical’s INSITE™

technology. ’ The relative position of both amorphous halos is comparable for each

ADMET EP copolymer; however, the position of the second halo occurs at a much

higher angle when compared to the values typically observed for linear or branched

polyethylenes in the molten state. The occurrence of a secondary halo at a higher angle

indicates some form of additional short-range ordering in the melt. This finding is indeed

interesting and merits further study; however, as previously stated, the exact nature of

short-range order in these model EP copolymers is unknown at this time.
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Amorphous Halo Comparison

Figure 4-25. WAXD—Further evidence for a secondary ordered mesophase in the

amorphous region (HP15 at 78 °C vs. HP21 at 100 °C).

4.11.2.3 Small-angle x-ray scattering (SAXS)—Kiessig camera

Wide-angle x-ray diffraction has established a relative idea of short-range order

differences for HP15 and HP21, but small-angle measurements are needed to explore the

influence precise branching has on long-range structure(s). Turning attention back to

Figure 4-15, it was postulated that two possible scenarios could exist: 1) Eby’s model
108

of methyl branch inclusion in the crystal (see Figure 4-1 5 a) and 2) Flory’s exclusion

model
53

in which the branches (defects) are ejected from the lattice at the terminus of

sharp-folded run-lengths of methylene units (see Figure 4-1 5b). The lamellar thickness,

or long-spacing (di) as it is sometimes referred, can be measured through the use of

SAXS. Determination of the long-spacing for HP15 and HP21 provides an opportunity

to examine the nature of the fold-distance in each macromolecule, thereby, allowing

possible discrimination between the branch inclusion or branch exclusion models (Figure
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4-15). Small-angle measurements were performed using a Kiessig camera; this

instrument is capable of adjusting the path-length between the sample and film by

distances of 100, 200, and 400 mm. Increasing the path-length distance affords the

opportunity to study larger structural information, eventually gaining the ability to

measure the long-spacings that would be typical for an ethylene-based material (400 mm

path-length).

The SAXS film exposures for HP15 are illustrated in Figure 4-26. The

corresponding numerical data is provided in Tables 4-6a and 4-6b for the 100 mm and

200 mm exposure distances, respectively. Initially, focus will be directed at Figure 4-26a

(100 mm). With the small exposure distance, information at higher angles of 20 is still

maintained. This is demonstrated by the reoccurrence of the reflections at 4.35 and 4.26

A that were measured earlier in WAXD; however, two new weak reflections are now

observed at 13.47 and 11.29 A—periodic reflections that were not visible in the WAXD

measurements.

New reflections observed at 100 mm (Figure 4-26a) were verified by developing a

200 mm exposure (Figure 4-26b); at this time, an additional reflection appeared at

approximately 27 A (Table 4-6b). All three of the reflections resolved by SAXS are

important because they indicate long-range order at various distances with the crystal. To

this author’s knowledge, this is the first time that periodic distances of this scale have

been recorded for any ethylene-based material and most likely stem from the influence of

a more ordered placement of defect points (methyl branches) within the crystal lattice.
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(a) (b)

Figure 4-26. SAXS of HP15: (a) 100 mm camera-length, unoriented thin film (cut

sliver), sample annealed at 5 °C for 3 months prior to measurement with a 72 h exposure

time (b) 200 mm camera-length, unoriented thin fiber, sample annealed at 26 °C for 90 h

with a 96 h exposure time.

Table 4-6a. Kiessig Camera: SAXS of HP15, 100 mm Exposure Distance: EP
Copolymer with Precise Methyl Branching (67 methyls/1000 carbons).

20

(degrees)

d value

(Angtroms)

relative

intensity

6.56 13.5 very, very weak

7.83 11.3 very, very weak

20.4 4.35 medium

20.9 4.26 strong
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Table 4-6b. Kiessig Camera: SAXS of HP1 5, 200 mm Exposure Distance: EP
Copolymer with Precise Methyl Branching (67 methyls/1000 carbons).

20

(degrees)

d value

(Angtroms)

relative

intensity

3.28 (3.27) 26.96 (27.0) weak

6.55 13.5 medium

7.82 11.3 weak

10.8 8.22 very weak

Figure 4-27 illustrates two possible periodic long-spacing values p if HP15 were to

crystallize according to either the ffinged-micelle theory (Figure 4-27a) or Flory’s defect

exclusion model of chain folding (Figure 4-27b). Figure 4-27a assumes that the chains

are extended in a planar zigzag conformation and would give a long-spacing value of

11.9 A only if a number of 14 carbon long methylene segments, from differing chain

stems, were to coalesce to form small bundles of crystallites (fringed-micelles). Of

course, if methyl branches are included into the crystal as has commonly been observed,

the long-spacing would be greater in a ffinged-micelle, but the smallest value possible

would be 1 1.9 A

If the switchboard model is actually at work in HP15 (Figure 4-27b), then a

number of methylene units must be involved in the folding process, and therefore, will be

ejected into the amorphous region as well. It is commonly accepted that a total of five

carbon atoms are involved in the fold itself, this includes both the methine carbon and the

alpha and beta carbons on either side of the branch.
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d, = 11.9 A

(a)

d, = 8.5 A

(b)

Figure 4-27. Possible periodic distances for HP15: (a) smallest integer of an extended

zigzag chain of methylenes between methyl branches (b) long-spacing derived from the

switchboard model with all methyl branches excluded from the crystal.

At this stage, the fringed-micelle possibility cannot be completely ignored, but

focus of the discussion will center on whether or not the model depicted in Figure 4-27b

is viable for the crystal structure of HP15. When comparing the d spacings obtained in

the 100 and 200 mm Kiessig exposures to the predicted di value of 8.5 A (Figure 4-27b),

a near match was found in the 200 mm exposure at 8.22 A. This may be an indication

that some of the material may indeed fold according to Flory’s exclusion principle;

however, upon inspection, it is evident that this reflection was the weakest of all those

measured. From earlier discussion, it is well understood that a higher electron density in

a given crystal plane will scatter x-rays more intensely. Therefore, if the model given in

Figure 4-27b were the dominant crystal form, a reflection at or around 8.5 A would



172

dominate the landscape of any SAXS exposure. In this instance, the reflection observed

at 8.22 A does not dominate; even so, the mere presence of this periodic distance

suggests that the structure illustrated in Figure 4-27b may contribute to the crystallization

mechanism of HP15. It is a fair assumption that HP15 does not contain a significant

population of material (if any) that is chain-folded in this manner; however, if all the

methyl branches have been excluded from the lamella, then the periodic distances

observed at 27.0, 13.5, and 1 1.3 A would likely be possible. Identical methods were used

to examine HP21 as well and are presented in Figure 4-28 and Table 4-7.

As was seen in WAXD, an increase in the crystallinity leads to the evolution of a

greater number of visible reflections in the SAXS measurements for HP21 when

compared to HP15. And as was the case with HP15, SAXS photographic exposures of

HP21 yielded several new reflections that indicate longer-range order in the material.

After annealing at 50 °C for 3 days, SAXS at a 1 00 mm exposure (Figure 4-28a) distance

gave reflections corresponding to longer-range periodicities at 15.3, 13.4, 11.9, and 9.04

A. The reflections at 4.63 and 4.03 A were also observed during WAXD and correspond

to the most densely packed crystallographic planes in the unit cell of HP21. Subsequent

analysis at 200 mm (Figure 4-28b) gave measured reflections with d values of 26.8, 14.5,

12.6, 9.89, 9.04, 8.91 and 7.80 A.

There are noticeable differences when comparing the 100 mm to 200 mm exposure;

for instance, d values 15.3, 13.4, and 11.9 A in the 100 mm exposure are thought to

emanate from the same crystal planes at 14.5, 12.6, and 9.89 A observed in the 200 mm

exposure. The difference in the two being the annealing temperature: 1) 50 °C for the

100 mm exposure and 2) 45 °C for the 200 mm exposure. In other words, a decrease in
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annealing temperature led to a decrease in 3 long-range periodicities in HP21. The

absence of Miller indices makes any speculation of whether this contraction occurs in the

a, b, or c dimension of the unit cell a mute point. Also in reference to annealing, it is

curious as to why the reflection observed at 9.04 A was not effected during the different

annealing conditions employed here. Logic would dictate that this d spacing would

decrease in a similar manner as the three cases mentioned above. The results are quite

puzzling, and many additional tandem annealing/diffraction experiments are required to

make any quantitative assessment for the perturbations observed here.

Figure 4-28. SAXS of HP21: (a) 100 mm camera-length, unoriented thin film (cut

sliver), sample annealed at 50 °C for 72 h prior to measurement with a 72 h exposure

time (b) 200 mm camera-length, unoriented thin fiber, sample annealed at 45 °C for 120

h with a 120 h exposure time.
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Table 4-7a. Kiessig Camera: SAXS of HP21, 100 mm Exposure Distance: EP
Copolymer with Precise Methyl Branching (48 methyls/ 1000 carbons).

20

(degrees)

d value

(Angtroms)

relative

intensity

5.77 15.3 very, very weak

6.62 13.4 very, very weak

7.41 11.9 very, very weak

9.78 9.04 weak halo (center)

19.2 4.63 strong

22.1 4.03 medium

Table 4-7b. Kiessig Camera: SAXS of HP21, 200 mm Exposure Distance: EP
Copolymer with Precise Methyl Branching (48 methyls/1000 carbons).

20

(degrees)

d value

(Angtroms)

relative

intensity

3.30 26.8 v. Weak

6.10 14.5 medium

7.02 12.6 medium/Weak

8.94 9.89 very, very weak

9.78 9.04 very, very weak

9.93 8.91 weak

11.3 7.80 weak

Of particular significance is the d value measured at 26.8 A for HP21 (Table 4-7b)

because a reflection plane was reported for HP15 at approximately 27.0 A as well (Table

4-6b). This represents the only periodic SAXS distance that was found common to both
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HP15 and HP21. The origin of this reflection is still in question; but it is fascinating why

approximately 27 A would be a shared lattice repeating distance for both HP15 and

HP21. This is the only periodic distance found thus far that does not depend on the

annealing condition employed or on the amount of defect content. Further observations

made during electron diffraction of these materials may offer additional insight into this

matter, vida infra.

The relations given in Figure 4-29 have been compared to d values obtained in

SAXS exposures (Table 4-7a and 4-7b). For HP21, only a single, very weak reflection at

d = 13.4 A was found to possibly satisfy the exclusion model requirement of a di = 13.5

A given in Figure 4-29b. However, care must be taken in the interpretation of this result

due to the concerns with the annealing effects already discussed above. If the reflection

observed at 13.4 A in the 100 mm exposure (annealed at 50 °C) were proven to

correspond to the same crystallographic plane as 12.6 A does in the 200 mm

measurement (annealed at 45 °C), there would be indiscriminate proof that neither value

indicates a true long-spacing measurement for HP21. If the switchboard model were

true, the theoretical long-spacing distance of 13.5 A would never be contracted to such a

degree, if at all.

It is worthy to note here that this entire argument is contingent on the fact that the

chain axes of these materials arrange themselves in a zigzag type fashion (all trans). In

defect containing materials, the occurrence of gauche conformations along the chain

stems are known to exist and would certainly skew the chain-folding models presented in

Figures 4-27 and 4-29. In order to attempt a measurement of the ‘true’ long-spacing
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distance, SAXS experiments were performed at an exposure distance of 400 mm with the

Kiessig camera.

d, = 16.9 A

(a) (b)

Figure 4-29. Possible periodic distances for HP21
: (a) smallest integer of an extended

zigzag chain of methylenes between methyl branches (b) long-spacing derived from the

switchboard model with all methyl branches excluded from the crystal.
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4.11.2.4 Small-angle x-ray scattering (SAXS)—Long-period measurements

(a) (b)

Figure 4-30. Long-spacing measurement from SAXS (a) HP15—400 mm path-length,

unoriented thin fiber, sample annealed at 20 °C for 120 h prior to measurement with a

120 h exposure time (b) HP21—400 mm path-length, unoriented thin fiber, sample

annealed at 45 °C for 120 h with a 120 h exposure time.

Figure 4-23 depicts the photographic exposures for HP15 (4-30a) and HP21 (4-

30b). Although not clear from the scanned image, two overtone reflections can be seen

in each measurement. The resolution of the first order reflection responsible for these

overtones is slightly visible and contained within the bright white circular pattern that is

created due to the errant scattering of x-rays upon hitting the beam stop. Therefore, the

second and third order reflections have been used as a basis to calculate the long spacing

for each of the model EP copolymers studied here (see Table 4-8).
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Table 4-8. SAXS Long-Spacing Measurements for ADMET Model EP Copolymers with

Precise Methyl Branching.

polymer order of d value

reflection (Angtroms)

HP15 F 197.4*

2
nd

98.7

3
rd

63.3

HP21 1
st

164.4*

2
nd

82.2

3
rd

53.6

* 1 st order reflection d-value obtained by multiplying

the 2nd order reflection by 2.

By SAXS, lamella long-spacing values for HP15 and HP21 were measured at

197 and 164 A, respectively. The values obtained are in the typical range of long-spacing

distances normally measured for commercially produced branched and linear PEs (100-

250 A). The significance of this finding is two-fold: 1) the length obtained here suggests

that the switchboard chain-folding is most likely improbable (i.e. Eby’s model of branch

inclusion is the determinate manner of crystallization here) and 2) long-spacing values

obtained by SAXS are 6-8 orders of magnitude higher than those predicted by the

Thomson-Gibbs equation, which is based on the melting points obtained for HP15 and

HP21 during DSC analysis (see Table 2, Section 4.1 1.1).

For both HP15 and HP21, long-spacing measurements were unsuccessful until

the proper annealing condition was determined. As discussed in Section 4.1 1.1, a variety

of annealing conditions and times were investigated until an apparent maximum

crystallinity for each polymer was observed. In other words, the long-spacing values of
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197 A (HP15) and 164 A (HP21) have been attained from materials at a metastable state.

The maximum in the crystallinity obtained by annealing approaches the true equilibrium

state of the crystal only at the annealing temperature itself. Further, one should not

assume that the values stated here are absolute for either system. Although the exact

influence of precise branch placement on long-spacing is unknown at the moment, it is

quite evident from the x-ray diffraction findings for HP15 and HP21 that ADMET model

EP copolymers appear to conform to Eby’s crystallization model which allows for the

inclusion of methyl branch into the PE lattice—an important issue when attempting to

utilize these materials as behavior models for randomly branched LLDPEs.

After having completed a battery of x-ray diffraction studies, attention was then

directed towards the study of larger structural detail for HP15 and HP21 through the use

of OM, TEM, electron diffraction, IR, and Raman Spectroscopy.

4.11.3 Optical Microscopy (OM) of HP15 and HP21.

Sample preparation is an important consideration in microscopy, but it is not

always a straightforward process for polymeric materials. In microscopy, a variety of

solution crystallization methods have been employed to create suitable specimens.
174 " 178

Definitely, the growth of a polymer single crystal from solution provides the most regular

(perfected) structure for the morphological elucidation of any given material. Polymer

single crystals may be found as faceted platelets of regular shape for polymers containing

a low degree of imperfections; however, in contrast, the attempt to grow a single crystal

for a macromolecule with a sizeable defect concentration inevitably leads to crystals with

a less perfect microstructure. Although single crystals have been readily prepared for PE

during cooling from dilute solutions, ’ all attempts failed to grow single crystals

for both ADMET model EP copolymers examined here.
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ADMET model EP copolymers are very peculiar materials in relation to their

solution properties. Normally, higher boiling solvents are required to dissolve and grow

suitable x-ray quality crystals of ethylene-based materials (xylenes, chlorobenzenes,

tetrachloroethylene, etc.). On the other hand, HP15 and HP21 are soluble at room

temperature, or with slight heating, in most common organic solvents (chloroform,

dichloromethane, tetrahydrofuran, hexanes, benzene, toluene, xylenes, etc.).

Additionally, three good non-solvents were found to be methanol, isopropanol, and

acetone. In order to form single crystals, a single solvent crystallization environment is

most desirable, since a homogenous crystallization medium precludes any

thermodynamic and entropic obstacles encountered during solvent mixing. The situation

is highly complicated when a second solvent is introduced due to mixing problems and

solubility differences that materials encounter during crystal growth from a

heterogeneous medium.
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(a)

(b)

Figure 4-3 1 . Representative optical microscopy images for HP15 (image produced under

reflected differential interference contrast, (DIC); (a) objective = 100X, aperture = 0.9 (b)

objective = 50X, aperture = 0.9 (in reflected light).
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(a)

(b)

Figure 4-32. Representative optical microscopy images for HP21 (image produced under

differential interference contrast, (DIC); (a) objective = 100X, aperture = 0.9 (b)

objective = 50X, aperture = 0.9 (in reflected light).
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The ability for HP15 and HP21 to dissolve in common solvents at room

temperature allows easier transferal/handling when compared to other PEs of similar

crystallinity. The lowered melting point is a definite contributing factor to the ease at

which these materials are taken up into solution; however, there must also be a structural

explanation as to why all attempts failed to produce single crystals. Additional

discussion concerning this issue is presented below and in the sections detailing IR and

Raman findings.

After attempts to grow single crystals proved for naught, suitable samples were

prepared for OM by casting thin films onto a glass slide from a dilute solution of

tetrachloroethylene at room temperature. Figures 4-31 and 4-32 depict representative

OM images taken for HP15 and HP21, respectively.

Figure 4-31 and 4-32 illustrate the predominant structural features observed for

HP15 and HP21. The two sets of images provide evidence for the occurrence of

dendritic formations in both systems, a deviation from polyhedral growth. Dendrites are

branched crystals that sometimes form tree-like shapes. The formation of dendrites here

is a direct result of a perturbation in local concentration differences of the polymer in

dilute solution. During crystal formation, the leading edge of the growth-plane

experiences deviations in its concentration compared to the remainder of material in

solution; and as a result of variations in local concentration, a temperature gradient

ensues in an effort to disperse the superheating of crystals. A major influencing factor in

the formation of concentration gradients is the rejection of defect or non-crystallizable

species from the material in the quest to minimize the free energy of the system.
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Both HP15 and HP21 contain a considerable amount of defects; so the formation

of dendrites is a logical result for these materials. Although both materials crystallize to

form dendrites, each polymer exhibits topological characteristics that are unique in

regards to one another. Figure 4-31 illustrates that the typical shape of HP15 is

spheroidal or globular in appearance, while Figure 4-32 depicts a repeating rectangular

structural feature for HP21. Without a doubt, this relative change in geometrical shape is

a function of the defect content differences between the two materials.

A recent molecular modeling study may provide evidence for the topological

differences observed here. In early 2002, Ze-sheng Li and coworkers published a

molecular dynamics (MD) simulation that examined a series of single copolymer chains

containing precisely controlled methyl branching [methyl was placed on every 10
th

,
14

th

,

16
th

, 22
nd

, 52
nd

, and 101
st

backbone carbon].
284

They found that as the defect content is

decreased, a more perfect lamellar structure is formed, and the crystallinity of the

copolymer increases—both points have been confirmed by the calorimetric and

diffraction data obtained for HP15 and HP21.

Most important was their discussion of chain morphology. The EP copolymer

chain model with a methyl on every 10
th
branch collapsed from an extended-chain to a

globular-shaped random coil containing many gauche conformations and chain kinks.

This molecule was determined to be amorphous, but as the defect content was decreased,

more regular zigzag (trans) segments were created, thereby, leading to more perfect

lamellar structures. The MD models obtained for an EP copolymer chain with a methyl

branch placed on every 14
th
carbon was found to collapse into a similar globular shape,

while the material with a methyl every 22
nd

took on a more rectangular contour. It is
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worthy to note that differences in the morphological shape of the models (methyl every

14
th

and 22
nd

) studied by Li, et al. because they bear an uncanny resemblance to the

topological differences observed under the OM for HP15 and HP21.

Further, the MD simulations found that a majority of methyl branches were located

at the fold surfaces of the lamellae, especially in the materials containing a higher

concentration of defects. This result is pertinent to the earlier discussion of dendrite

formation and seems to suggest that HP15 and HP21s relatively elevated defect content

may be the principal factor causing the deviation from polyhedral crystal growth in these

materials.

4.11.4 Transmission Electron Microscopy (TEM) and Electron (e-) Diffraction of

HP15 and HP21.

Transmission electron microscopy is a powerful tool in the analysis of polymer

morphology and offers superior resolution over images generated by OM. This image

enhancement is demonstrated for model ADMET EP copolymers, HP15 and HP21, in

the exemplary graphic depictions given in Figures 4-33 and 4-34, respectively. The

reader is reminded that neither ADMET EP model material afforded a single crystal. So,

images shown here are the direct result of analysis on carbon—platinum (C—Pt)

shadowed solution-grown crystals.
’

’ TEM investigations were carried out in order

to examine fine structure for ADMET EP copolymers with precise methyl branching; in

particular, interest lay in whether or not any differences existed in the molecular ordering

and orientation of these model systems.
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(b)

Figure 4-33. Representative transmission electron microscopy images for HP15.
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(a)

(b)

Figure 4-34. Representative transmission electron microscopy images for HP21.

As found in OM, clear-cut differences exist in the TEM images obtained for HP15

(Figure 4-33) and HP21 (Figure 4-34). Images of HP15 show visible signs of oriented
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polymer chains; however, the stems do not seem to be organized into a cohesive pattern

within a given area. One reason for the disorganization may have been caused by

difficulties encountered during attempts to crystallize HP15 from solution. On the other

hand, the argument of defect content differences presented in the discussion of dendrite

formation is the most probable explanation.

This viewpoint is substantiated from the results obtained for HP21 (Figure 4-34).

TEM images obtained for HP21 indicate, without question, definitive evidence of chain-

folded lamellae (Figure 4-34a). Moreover, Figure 4-34b illustrates direct proof that

successive layers of lamellae are able to stack on top of one another, a result that follows

the two-phase model for interactions between the crystalline and amorphous regions in a

chain-folded material.

Figure 4-34a depicts the possible occurrence of a crystallization phenomenon

known as twinning. Twinning describes the plane of symmetry encountered in Figure 4-

34a if one bisects the chain-folded lamellae along the diagonal of the image. A twinned

crystal is formed in a symmetrical fashion when two crystals are joined macroscopically

along their respective growth faces to form a single entity. Thus, the twin contains an

additional element of symmetry beyond that normally possessed by either of the

individual components that make up the single substance. This phenomenon was first

examined for polyethylene by electron diffraction in the late 1950s. ’ The formation

of twinned crystals during mechanical deformation, thermal treatment, phase transition,

and crystal growth of PE has been studied by several authors. Although an interesting

finding, the twinning encountered during the crystallization of HP21 has not been studied

further, mainly due to the lack of obtaining Miller indices for this material.
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Figure 4-35. Representative electron diffraction image for ADMET model EP copolymer

with precise methyl branching, HP15, produced under a tilt angle of approximately 36.5°

Gat -130 °C.

The electron diffraction images presented in Figure 4-35 (HP15) and Figure 4-36

(HP21) are the result of the inversion of dark field images. Even though single crystals

were not available for analysis, replicated specimens of both materials did produce

suitable diffraction patterns. Privy to the same scattering theories as x-ray diffraction, the

use of e- diffraction enables the mapping of spatial frequencies within an object.

However, because the electron has a small wavelength (k = 3.7 pm), Braggs’ law is only

satisfied at very small angles of 20. This means that crystal lattice planes will only

diffract if they are almost parallel to the incident electron beam, making the geometry of
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an electron diffraction pattern easier to analyze than the equivalent x-ray diffraction

blueprint. Thus, the geometry of a single pattern is enough to determine orientation or

distinguish between different phases within the crystal.
289 '290

For an unknown material, it

is possible to use the geometry of the diffraction pattern to determine both the unit cell

identity as well as the symmetry elements associated for varying motifs within the

crystal.
291

Figure 4-36. Representative electron diffraction image for ADMET model EP copolymer

with precise methyl branching, HP21, produced under a tilt angle of approximately 0° 0

at room temperature.

From e- diffraction, the unit cell for both HP15 and HP21 was determined to be

pseudo-hexagonal. This was a surprising result when first obtained. As discussed in
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Section 4.11.2, the occurrence of the hexagonal phase has only been observed after

induced crystallization at higher pressures and/or the stretching of linear PE252 '270
and

ethylene/a-olefin materials.
202-2 10249,250 By all accounts, this is the first documented

occurrence of the hexagonal phase for an ethylene-based material crystallized at room

temperature and pressure.

The presence of the hexagonal phase was quite fascinating, but there are

additional features in Figure 4-35 and 4-36 that merit further attention. First is that the

reflections generated in both patterns satisfy an even reflection selection rule [i.e. the sum

of the Miller indices are even; (1 10) = 2; (2 0 0) = 2; and so on]. This means that the

unit cell is centered and possesses a relatively high degree of symmetry.

Second, a number of additional reflections were observed for both HP15 and

HP21. These reflections convey information concerning the three-dimensional repeating

distance of methyl groups within the lattice.

Third, for both materials, the lattice parameter cannot be defined in the c-

dimension. From the measure of contour lengths in the e- diffraction imaging of both

samples, it is suggested that chain axes cannot be defined in terms of a zigzag (trans)

conformation of 2.54 Angstroms. In other words, with the data obtained thus far, there

are still many uncertainties as to the exact long-range dimensional order along the chain

axes for both HP15 and HP21; however, it has been established that each material chain

packs in a pseudo-hexagonal arrangement within the crystal.

As described earlier, the hexagonal phase for PE-based materials has been

described as being a crystal in a high state of conformational disorder (i.e. the so-called

CONDIS crystal).
’ ’

’ This mesophase, as it is sometimes referred, mimics the
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orientation and physical properties normally encountered at the boundary of a substance’s

transition from the solid to melt phase.

It is well understood that melting is a process that always leads to an increase in

disorder, in other words, an increase in entropy. So how could HP15 and HP21 undergo

any kind of spatial ordering while in the melt, as was postulated from x-ray diffraction

results? A plausible explanation revolves around theories of defect incorporation. There

are many point defects that can disrupt the crystallization of a molecule including

branches, tie molecules, edge/screw dislocations, chain distortions, etc. When

considering HP15 and HP21, the two most likely contributions that may lead to defects

within the crystal are not only the branches themselves but also distortions in the planar

zigzag direction of the chain axes. The introduction of gauche conformations is by far

the most common method for perturbations to occur along the chain axis (c direction in

the unit cell). Common names for mistakes made along the polymer main chain include

twists, kinks, knots, or jogs.

Contrary to chain-produced EP model materials with equivalent levels of random

methyl branching, the precise methyl branch placement in HP15 and HP21 has allowed

enough molecular symmetry in these LLDPE models to allow for an ordered unit cell to

occur (ab dimension only). However, in an effort to minimize lattice energy associated

with defect incorporation, multiple mistakes have been made in the chain axes (c

dimension) during collapse of the random coil and/or extended chains of these materials

during crystallization.

The argument for a CONDIS crystal best explains the ordered phases observed in

the amorphous halo regions during temperature-resolved WAXD measurements for
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HP15 and HP21. In particular, the deviation from an ideal zigzag chain conformation

found by e- diffraction sheds light on the solution properties of ADMET EP model

materials. For example, an elevated level of gauche conformations leads to kinks, twists,

etc. along an individual chain axis, thereby affecting all the nearest neighbor chains in the

molecule. The existence of a high degree of non-trans conformations was predicted by

MD modeling on a series of EP copolymers with levels of precise methyl branching

comparable to the ADMET models examined within this text. Without a doubt, this

structural argument is the most likely explanation as to why all ADMET EP copolymers

examined to date are soluble in a range of common organic solvents at room temperature.

In light of this finding, additional structural information for HP15 and HP21 was

gathered utilizing infrared (IR) and Raman Spectroscopy.

4.11.5 Raman and Infrared (IR) Spectroscopy of HP15 and HP21.

4.11.5.1 Raman spectroscopy

Raman scattering results from the same type of quantized vibrational changes that

are associated with IR absorption. Indeed, Raman and IR absorption spectrum analyses

performed on the same material often resemble one another quite closely. However

enough differences exist in the IR and Raman activities to make the techniques

complimentary rather than competitive. Over the years, numerous structural studies on n-

paraffins, PE, and PE-based materials have been performed using Raman scattering,

IR spectroscopy, ' and combinations of the two.
’

’ The subject matter treated

in these studies has examined a variety of topics including the conformation, mobility,

and chain-packing ability for the extended chain(s) of ethylene-based materials. In the

search to obtain additional structural information for ADMET model EP copolymers,

qualitative Raman and IR spectroscopy have been performed.
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The structure of HP15 and HP21 is psuedo-hexagonal, a fact already determined

by e- diffraction. While there have been a number of Raman absorption studies on the

hexagonal phase of n-paraffms,
304 ’3 19-325 few experimental investigations have thoroughly

examined the hexagonal phase, or rotator phase as it is sometimes called, of PE-based

materials.
265,31 1,326-328

This is not surprising because of the difficulty of performing such

experiments—for PE-based materials, the orthorhombic to hexagonal phase transition is

affected only under conditions of drawing and/or high temperatures and pressures.

Nonetheless, it is of interest to study such vibrational data in the hopes that it may

provide concrete information regarding the conformational disorder of chain stems.

Because the rotator phase exists at room temperature and pressure for HP15 and HP21,

these substances provide the first opportunity to study the hexagonal phase for an

undrawn ethylene-based polymer at ambient conditions.

Upon first inspection of Figure 4-37 and Table 4-9, it is apparent that HP15 and

HP21 exhibit similar vibration modes; yet, closer evaluation of the data provides a great

deal of structural information for each polymer. The C—H stretching region for these

materials exhibit two maxima at 2876 (HP15 and HP21) and 2842 (HP15) to 2841

(HP21) wavenumbers. For crystalline alkanes, the asymmetric and symmetric C—

H

stretch for the orthorhombic and hexagonal phase have been shown to occur at 2882/2848

cm
-1

and 2898/2850 cm
-1

,
respectively.

319
The difference between the fundamental C—

H

stretching frequencies for ADMET EP copolymer models and those normally found in

the hexagonal phase is unclear here. This may be linked to the differing temperatures and

pressures at which the ‘hexagonal phase’ measurements were taken, but more

experiments will be required to ascertain the nature of this shift. The origin of the
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frequency at 2717 cm'
1 (HP15 and HP21) is unknown at this time; and no literature

precedent has been found for this remarkable result.

a) HP15 (Melt Crystallized)

HP21 (Melt Crystallized)

Figure 4-37. Raman spectral data for (a) HP15 (b) HP21. Samples crystallized from the

melt and analyzed at room temperature.
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Table 4-9. Raman Frequency Assignments for EP Copolymer Models with Precise

Methyl Branching.

Polymer

Frequency

(cm
1

)

Vibration

Mode

HP15 2876 C—H asymmetric stretch

2842 C—H symmetric stretch

2717 7

1435 CH2—bending

1295 CH2—twisting

1136 C—C asymmetric stretch

1084 C—C gauche conformers

1063 C—C symmetric stretch

HP21 2876 C—H asymmetric stretch

2841 C—H symmetric stretch

2717 ?

1437 CH2—bending

1295 CH2—twisting

1135 C—C asymmetric stretch

1062 C—C symmetric stretch

The CH2-bending region for PE has been thoroughly studied and oft used to study

the nature of chain folding and molecular packing. Three bands at 1460, 1441, and 1417

cm-1 are indicative of the orthorhombic unit cell—the two bands at 1460 and 1441 cm"
1
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arise from Fermi-resonance,
329330

while the band at 1417 cm'
1

is only characteristic of the

orthorhombic unit cell (not seen in any other crystal form). However, the methylene

bending region of the pseudo-hexagonal phase was shown to contain a single band at

1438-1440 cm'
1

.

326 ’328 The bending region for HP15 and HP21 clearly shows a single

band at 1435 and 1437 cm'
1

,
respectfully, thus verifying the molecular packing result

obtained by e- diffraction for these materials. The shift of 2 cm"
1

between the two

polymers may be the result of the differences in the sequence length between the methyl

branches, but this is purely speculative at the moment.

The CH2-twisting region is not remarkable in its differences and the band at 1295

cm'
1

is a typical feature in all Raman spectra for semicrystalline polyethylenes.

The C

—

C stretching region may offer the most specific information in regards to

conformation of polyethylene-based materials. Normally, for orthorhombic PE, two

narrow bands are shown at 1131 and 1063 cm'
1

,
which represents the asymmetric and

symmetric stretching vibrations, respectively. This set of frequencies is characteristic of

the trans zigzag conformation. The same two frequencies in the monoclinic phase of PE

were determined to be 1136 and 1061 cm'
1

. However, in the case of both the rotator

phase and a semicrystalline PE in the melt, the Raman spectrum only yields a broad

scattering region around 1080 cm'
1

{Note: thesefrequencies do not exist in a completely

melted semicrystalline material, whereas they do exist, although depressed, in the

pseudo-hexagonal phase).
' The characteristic C—C stretches found for EP

copolymers with precise methyl branching were 1136/1063 cm'
1

for HP15 and

1135/1062 cm'
1

for HP21. The asymmetric stretch in both polymers relates more closely

to that generated by the monoclinic cell of polyethylene, while the symmetric stretch is
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comparable to either the monoclinic or orthorhombic unit cell. Further experiments are

required to interpret the shift in the asymmetric stretch; however, it is highly likely that

the cause is somehow related to a perturbation in the unit cell’s ab dimension, as was

postulated during the WAXD studies.

For either sample, the most interesting feature in the C—C stretching region is the

spectral frequency at 1084 cm'
1

in HP15. This broadened scattering peak has been

previously been observed at 1080 cm'
1

by several authors and unambiguously assigned as

an amorphous-like area containing many gauche-conformers caused by supermolecular

structural impact on the folding region.
’

’ No presence of this vibration is found in

the Raman spectra for HP21, an extremely significant result. The absence of this peak in

HP21 and the presence of it in HP15 imply that the amorphous (or conformationally

disordered gauche-conformer) content is higher in HP15, supporting

observations/theories made during the diffraction and microscopy studies on these

materials.

A short time ago, Kobayashi, et al. determined values for the methylene sequence

lengths required to produce several Raman regularity-sensitive bands (Table 4-10) from

the analysis ofrandom copolymers of ethylene and deuterated ethylene.
331
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Table 4-10. Methylene Sequence Length (n) Needed to Obtain Planar—Zigzag PE

Chains.
331

Frequency

(cm
1

)

Vibration

Mode

—(CH2)„—

# of methylenes (n)

2883 C—H asymmetric stretch 4-6

1295 CH2—twisting 6

1130 C—C asymmetric stretch 18

1062 C—C symmetric stretch 6-8

Gauche bonds would be distributed along the entire macromolecular backbone of

both HP15 and HP21, unlike the majority surface distribution known to exist for the

pseudo-hexagonal phase in ^-paraffins. From Table 4-10, a minimum of six to eight

sequential methylene units in an all trans-zigzag are required to produce the vibration at

1062 cm"
1

. Both HP15 and HP21 show this characteristic vibration; therefore, both

materials must contain sequences of at least 6-8 methylenes in a zigzag (trans)

conformation. This is an exciting finding because it means that ADMET EP copolymer

models contain significant order in a larger portion of methylene run-lengths than was

initially thought. Nonetheless, as demonstrated by the vibration found at 1084 cm"
1

for

HP15, there is still a large enough population of gauche-conformational defects (in HP15

and to a lesser extent in HP21) to disrupt the crystal packing, thereby forcing these model

materials to crystallize in a pseudo-hexagonal array of conformationally disordered

parallel chains.
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The Raman data gathered thus far on ADMET EP copolymer models has given a

greater understanding into the nature of chain-packing and orientation for a polyethylene-

based material containing precise methyl branches.

Asymmetric Stretch

2926 cm'
1

Symmetric Stretch

2853 cm'
1

In-plane scissoring

approx. 1450 cm'
1

In-plane rocking

approx. 720 cm'
1

Out-of-plane twisting

approx. 1250 cm"
1

Out-of-plane wagging

approx. 1250 cm'
1

Symmetric Stretch

2872 cm'
1

Asymmetric Stretch

2962 cm'
1

(b)

Figure 4-38. Examples of molecular vibrations encountered in the infrared absorption

spectroscopy for simple hydrocarbon-based materials: (a) methylene modes (b) methyl

group.

4.11.5.2 Infrared spectroscopy

Like Raman scattering, IR spectroscopy also provides detailed information

regarding the fine structure of a purely hydrocarbon substrate, albeit by a different

mechanism. Figure 4-38 illustrates typically observed fundamental vibration modes for

purely aliphatic substances and is provided for readers who may not be familiar
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with/recall the directional amplitudes for the twisting, scissoring, rocking, and wagging

vibrations.

Figure 4-39. IR Spectroscopy of HP21—fingerprint region (700 to 1200 cm 1

) and

beyond for solution crystallized material (top) and 2) melt crystallized material (bottom).

All spectral data collection was performed at a resolution of 1 cm'
1

.

Stacked interferograms are provided in Figure 4-39 (fingerprint region) and 4-40

(entire spectrum) for both the solution and melt crystallized thin films of HP21, while a

complete listing of assignable vibrations is presented in Table 4-11. The analysis of

solution versus melt crystallized material was done in order to investigate possible

structural differences incurred during the chain packing of HP21. The treatment of HP15

is omitted here, but the same absorption trends were observed in this material. As was

previously performed for Raman data, the discussion of IR results is best broken down

into the various regions of the spectrum.
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HP21 (Melt Crystallized)

Figure 4-40. IR Spectroscopy of HP21—entire middle IR spectrum (600 to 4000 cm'
1

)

for (a) solution crystallized material and (b) melt crystallized material. All spectral data

collection was performed at a resolution of 1 cm'
1

.
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Table 4-11. Infrared Frequency Assignments for Solution and Melt Crystallized EP

Copolymer Models with Precise Methyl Branching.

Vibrational

Solution Cast

Film

(cm
1

)

Frequency

Melt Cast

Film

(cm'
1

)

Relative

Intensity

Vibration

Mode

2964 2968 w (shoulder) -CH3 asymmetric stretch

2918 2918 s -CH2 - asymmetric stretch

2850 2850 s -CH2 - symmetric stretch

1472 1472 s (singlet) -CH 2 - scissoring (i.e. bending)

1378 1378 m -CH 3 symmetrical bending

1349 1350 v. w
(shoulder)

double gauche (TTGGTT)

1306 1304 v. w kink (TTGTGTT)

1261 1261 m -CH2 - wagging

1153 1151 w (shoulder) -CH2 - twisting/wagging (?)

1094 1095 m (broad) -CH 2
- twisting/rocking (??)

1022 1024 m (broad) -CH2 - twisting/rocking (??)

867 867 w (shoulder) -CH2- rocking/twisting (??)

801 802 m (broad) unknown rocking (???)

718 718 m—s (singlet) -CH2
- rocking region

(all methylenes rock in phase)

Where s = strong; m = medium; w = weak; v. w = very weak; T = trans conformation of 4

adjacent carbons; G = gauche conformation of 4 adjacent carbons; and the number of question

marks (?) denotes the confidence level in assignment.

As in Raman scattering, the IR C—H stretching region is characteristic of two

fundamental maxima that correspond to the methylene asymmetric and symmetric
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stretches. For HP21, these maxima occur at 2918/2850 cm"
1

for both solution and melt

crystallized material. The presence of a shoulder evident at 2964 cm"
1

(solution) and

2968 cm'
1

(melt) in Figure 40a and 40b, respectively, corresponds to a methyl

asymmetric stretch. There is a distinct difference in these two frequencies, but why? The

most likely explanation concerns the differences in crystallization kinetic encountered

during the solution versus melt crystallization of this material. Solution crystallization

gives more opportunity for the realignment/reorganization of chain stems during the

solidification of the material from solvent. Whereas during melt crystallization, the chain

stems are much more sterically crowded (less degrees of freedom in the chain and/or an

increase in free energy).

This is clearly evident by the observed increase of the methyl asymmetric stretch at

2964 cm"
1

(solution) going to 2968 cm"
1

(melt). In IR spectroscopy, an increase in

wavenumber translates into an increase in energy; therefore, the methyl branches in the

melt crystallized material lie at a higher energetic state than that encountered by solution

crystallized material. This suggests that the methyl branches in the melt crystallized

material are more sterically crowded in their local environment or that the chain defects

are more pronounced around the methyl branch in the melt crystallized material. This

finding is quite important and is evident in other regions of the spectrum, vida infra.

The C—H bending region for the orthorhombic phase would contain the same

splitting of the methylene bending modes as observed in Raman scattering. So, for linear

PE, two maxima at 1463 and 1471/1472 cm'
1

arise from Davydov-splitting, which is

typical for orthorhombic unit cells. The bending vibration at 1471/1472 cm"
1

is only

characteristic of the orthorhombic unit cell, present in ^-paraffins or linear PE, and is
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sometimes referred to as the crystalline band because of its use in PE percent crystallinity

calculations by ER spectroscopy. Previous studies have shown a dramatic change in the

methylene bending region during an orthorhombic to hexagonal phase change.

Essentially, the Davydov-splitting of bands at 1463 and 1472 cm'
1

is destroyed in favor

of single band growth centered somewhere between 1466-1468 cm"
1

,
corresponding to

the conformationally-disordered hexagonal rotator phase.
265 ’319 As illustrated in Figure 4-

39, HP21 produces a single-peaked fundamental bending (scissoring) vibration at 1472

cm'
1

,
which indicates the presence of the pseudo-hexagonal phase. The increase in

bending energy, when compared to values previously reported for the hexagonal phase of

PE, is unclear at this time and requires further investigation.

The symmetrical deformation vibration for the methyl group is dominant in the

bending region as well and shows up at 1378 cm'
1

for HP21. This band has been

investigated and used as a quantitative tool in the determination of short-chain branching

in LLDPE;
314

however, special correction factors must be used in order to differentiate

between methyl terminus short-chain branches and end-group methyls.

The C—H twisting/wagging region (1180-1300 cm'
1

) contains a considerable series

of bands that are sometimes difficult to interpret due to the many overtones and

overlapping frequencies encountered in this vicinity of the infrared spectrum. This area

has been investigated quite well for «-paraffins
307 '310

and has been shown to exhibit

greatly reduced intensities when compared to the same area studied for long-chain fatty

acids and/or other crystals containing long methylene sequences.
333,334

Only one

remarkable peak at 1261 cm"
1

was observed for both solution and melt crystallized HP21

(Figure 4-39) and has been assigned as the principle methylene wagging band. Further, a



206

weak shoulder present at 1153 (solution) to 1151 (melt) cm'
1

was observed at the fringe

of this region and tentatively assigned as a methylene twisting vibration; however, the

possibility of this excitation arising from a wagging motion cannot be ruled out, hence

the notation given in Table 4-11.

The C—H twisting/rocking region (700-1065 cm'
1

) for HP21 contains a great deal

of structural information, some of which is unknown at this time because no precedence

exits in the studies made on ^-paraffins and other ethylene-based materials. For instance,

two broad, overlapped peaks with medium intensity were found to have peaks at

1094/1022 cm'
1

and 1095/1024 cm'
1

for both solution and melt crystallized material. No

literature precedence has been found for this particular overlap; hence, it must be

assumed that the occurrence of this frequency phenomenon is the result of the precise

methyl branching in these EP model materials. This is most likely the case for the broad,

single-peaked absorption found at 801 (solution)/802 (melt) cm'
1

as well; however, the

exact mode or origin of this remarkable excitation is unknown. In addition, the precise

origin of the weak shoulder found at 867 cm'
1

is unknown at this time, but it could be

assumed to arise from a predominately rocking motion due to its location in the

interferogram.

In the methylene rocking region of HP21, the most dominant fundamental

vibration is found as a singlet band at 718 cm'
1

. Due to the interchain interactions found

in linear alkanes and polyethylene alike, an orthorhombic lattice gives rise to a splitting

pattern of slightly overlapped bands at 720 and 730 cm"
1

. The band at 730 cm'
1

is only

found for the orthorhombic unit cell, while that at 720 cm'
1

is characteristic of stem

segments with both trans and gauche conformations. Deconvolution and integration of
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these two bands is the common method by which to quantitatively determine the degree

of crystallinity in an ethylene-based polymer by IR spectroscopy. During the

orthorhombic to pseudo-hexagonal phase transition of PE, it has been demonstrated that

this splitting pattern disappears in favor of a single-peaked band centered around 719-720

cm" for the rotator phase; therefore, using this analysis, the chain configuration for

HP21 has been assigned as the hexagonal rotator phase.

Sandwiched between the C—H wagging and bending regions are subtle

absorptions which have been verified during w-alkane analysis
320,32 1,324

but have only

recently been studied in regards to polyethylene. During the analysis of n-paraffins,

the weak shouldered band at 1352 cm"
1

was found to correspond to a double gauche

conformation (—TTGGTT—) within the chain, while the weak bands at 1366 and 1306

cm"
1

were assigned to the kink structure (—TTGTG*TT—). Tashiro, et al. have verified

these values as characteristic absorptions exhibited by the conformationally disordered

hexagonal phase of PE.
265 A pictorial representation of the double gauche and kink

conformation is provided in Figure 4-41 (below).

As indicated in Table 11, absorptions were found at 1349-1350 cm'
1

and at 1304-

1306 cm"
1

for HP21. Using the findings of Tashiro, et al.,
265

these peaks have been

unambiguously assigned as the double gauche and kink components arising in the

disordered chain conformation regions of HP21. This is the first documented observance

of these defect absorptions in a LLDPE. The infrared analysis is currently underway for

a series of five ADMET EP copolymers with precise methyl branching as well as their

randomly branched analogs (made by ADMET copolymerization of a methyl branched

monomer with 1 ,9-decadiene) in order to further explore the ramifications of this finding.
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GG

P

1352 cm-1 double gauche [...TGGT...] 1366, 1306 cm-1 kink [,..TGTG*T...]

(a) (b)

Figure 4-41. Defect conformations: (a) double gauche, GG and (b) kink, GTG* defects

with all trans (planar zigzag) polymer chains on either side.

4.12 Final Comments on the Structure of the Hexagonal Phase Determined for

ADMET EP Copolymers Containing Precise Methyl Branching.

If the chain-floded lamellae theory for the two-phase model given in Figure 4-15

is correct, then HP15 and HP21 would most closely follow Model A, which is based on

the diffraction, microscopy, and spectroscopy findings presented herein. This model

depicts methyl branch inclusion in both the amorphous and crystalline regions. An

important factor considered in this chain-folded surface model is based on the fact that

the majority of stems take on a planar zigzag (all trans) conformation along the polymer

chain axes. However, as detailed in this work, the actual structure of these materials is

far more complicated than either of the two-phase models presented in Figure 4-15.
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From the e-diffraction, infrared spectroscopy, and Raman spectroscopy, the

structure of HP15 and HP21 may be considered to be the pseudo-hexagonal or

conformationally-disordered (Condis) rotator phase. This is a significant finding since it

is the first verified existence of this phase for an ethylene-based material without having

first applied high pressures/temperatures to the sample and/or stretching the material

prior to analysis.

The crystalline region of HP15 and HP21 can be considered to consist of parallel-

packed conformationally disordered chains in which the trans-gauche conformations are

distributed randomly throughout the stems; however, Raman spectroscopy findings

suggest that both materials must contain a number of sequential sequences of at least 6-8

methylenes in a zigzag (trans) conformation distributed along the polymer backbone.

Additionally, infrared analysis has indicated that a portion of the defect content in these

materials has a kink or double gauche conformation; however, a quantitative assessment

of total gauche defect content in these materials has not been attempted.

From differential scanning calorimetry, WAXD, and OM results, it may

qualitatively be stated that HP21 contains a higher percent crystallinity when compared

to HP15; therefore, on this basis, it may be assumed that HP21 most likely would have a

decreased number of gauche conformational defects when compared to HP15.

The structural evidence presented here can also explain the unique solubility

properties of these polymers when compared to normal PE-based materials (i.e. the

elevated gauche content enables ADMET EP copolymer models to be soluble at room

temperature in a variety of common organic solvents). This study has laid the

groundwork for the further analysis of the effect precise branching has on the final
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physical properties of an ethylene-co-propylene material. Future work in this area would

benefit by the production of LLDPE models with lower defect contents (on the order of

12-15 branches per 1000 carbons) in order to better approximate industrially produced

LLDPEs with random branching. Nonetheless, as hoped during the early stages of this

project, it is apparent that the findings presented here have provided a basis for a better

understanding of the morphology, crystalline structure, and crystallization process for the

most abundant synthetic macromolecule in the world, polyethylene. As to what the

future holds for this project. . .only time will tell.



CHAPTER 5

SYNTHESIS AND THERMAL BEHAVIOR OF A MODEL ETYLENE/BUTYLENE
COPOLYMER WITH PRECISE ETHYL BRANCH PLACEMENT

5.1 Introduction

Without question, ethylene-based macromolecules, both homo and copolymers,

constitute the highest volume of synthetically produced polymers in world. The

structural simplicity and industrial importance have led to these materials being some of

the most thoroughly studied polymers on earth. Although such factors as mode of

polymerization (radical, Ziegler-Natta, metallocene, etc.), catalyst choice, reaction

temperature/pressure, and molar mass bare significant importance to the end product, the

short-chain branching (SCB) content and its distribution are the most prominent factors in

determining the final physical properties of ethylene/a-olefm copolymers, commonly

referred to a class of materials known as linear low density polyethylenes (LLDPEs).

Recently, we have discovered a way to obviate the random nature of branching in

polyethylene. This has been accomplished using the clean, step polymerization

chemistry offered by acyclic diene metathesis (ADMET). This mild chemistry avoids

chain transfer and other catalyst mistakes encountered during chain propagation

processes, thereby producing a branched polymer with a homogenous composition

distribution.

A short time ago, we reported the synthesis and thermal behavior for a series of

five model ethylene/propylene (EP) copolymers in which the methyl branch was

precisely placed on each and every 9
th

,
1

1

th

, 15
th

,
19

th

,
and 21

st
carbon along the backbone

211
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respectively.
20

The general synthetic methodology used to accomplish this task is

illustrated in Figure 5-1, where the pendant R group is equal to methyl.

-C2H 4

[catalyst]

48-96 hr

Where -R corresponds to:

-CH3 ,
-CH 2CH3

Exhaustive

Hydrogenation

Figure 5-1
. General scheme for the synthesis of precisely branched ethylene/a-olefm

copolymer models by ADMET.

The thermal behavior
20

and morphological analysis (see Chapter 4) for this series

of EP copolymers have yielded fascinating results, and in an effort to extend our LLDPE

structural library, a methodology was sought to lengthen the alkyl branch in these model

materials (Figure 5-1, where R is equal to ethyl, propyl, etc.). We now report the

successful synthesis of an a,co-diene monomer in which the ethyl branch has been

symmetrically substituted on the hydrocarbon backbone. The ADMET polymerization of

this monomer and subsequent hydrogenation reaction has yielded the first ADMET

model ethylene/butylene (EB) copolymer wherein the ethyl branch is placed on each and

every 9
th
carbon along the backbone (see Figure 5-1, where R is equal to ethyl and Figure

5-2). Herein we present the monomer/polymer synthesis, characterization, and thermal

analysis for this new LLDPE model material.
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H3CH2C H

3 3

ADMET
[Mo]

Figure 5-2. Synthesis of the first ADMET model ethylene/butylene (EB) copolymer.

5.2. Results and Discussion

5.2.1 Monomer Synthesis and Design

Route 1

2

2

0
H >

—

Route 7

Route 8

H CH2Br

3 3

1) H2NNHTs

2) Catecholborane/THF

3 3

Route 6

Et

TsO. OTs

[Cu]

Catalysis

V

Route 2

X CH2CHj

3 3

h
H oh

Route 4

3 3

Route 5

Route 3

Figure 5-3. Synthetic pathways attempted in route to the target symmetrical a,co-diene

monomer with symmetrical ethyl branch placement. Route 1: Copper mediated coupling of

a tosylate and Grignard reagent [ref 335], Route 2. Deoxygenation of a secondary alcohol [ref

336] or dehalogenation of a secondary chloride [ref 337], Route 3. Several coupling methods
were attempted [ref 335, 338], Route 4. Decyanation reaction affected by a potassium on
alumina dispersion [ref 339]. Route 5. Hydride displacement of a secondary tosylate/mesilate

ligand [ref 340], Route 6. Wittig reaction of a primary ylide to a secondary ketone [ref 341],

Route 7. A modified Wolff-Kishner reduction of the tosyl hydrazone [ref 342]. Route 8.

Coupling of a Grignard and a primary alkyl iodide through copper mediation [ref 338].
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A great deal of effort went into formulating a synthetic pathway that would

successfully extend the “R-group” in Figure 5-1 from a methyl
20

to an ethyl branch.

As illustrated Figure 5-3, several methodologies were investigated in pursuit of

synthesizing the target monomer, 6-ethyl- 1,10-undecadiene, depicted in the center of

Figure 5-3. To date, Route 5 has been the only synthetic pathway that has proven useful

in this regard. This success stems from using a modified acetoacetate-based route, which

is a process similar to the synthetic pathway used to create the analogous series of

methyl-branched monomers; albeit, there have been two significant modifications made

to the procedure. The first successful synthetic strategy to produce an a,co-diene

monomer with a symmetrically substituted ethyl branch is presented in Figure 5-4.

O 0

^OE,

1.

)

(

BuO~K*

2

.

)

3

72.3%

LiAIH 4

Et20

95.1%

(Super Hydride)

Step 6 to 1 & 8 = 83.0%
Obtained 7.1 : 1 mixture of ethyl branch
monomer

( 1 ) to eliminated product (8).

Figure 5.4. Synthesis of an ADMET a,co-diene monomer with a symmetrically placed

ethyl branch [All yields are reported as isolated percentages].

Ethyl acetoacetate is deprotonated with base and readily effects the Sn2

displacement ofbromide upon addition of 5-bromo-l-pentene. Subsequently, in the same
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pot, the reaction of the monosubstituted product with a second equivalent of base and

alkenyl halide affords the disubstituted P-keto ester (4 ). Compound 4 is successfully

decarboxylated using a dimethylsulfoxide (DMSO)/water/salt mixture
343

to yield an a,co-

diene with a methyl ketone pendant group that is symmetrically substituted along the

monomer backbone (5). Reduction using lithium aluminum hydride yields the secondary

alcohol (6), which is tosylated (7) and finally reduced via Super Hydride displacement
344

to yield a mixture of the symmetrical diene of interest (1) and eliminated by-product (8).

Although monomer was successfully produced by the method given in Figure 5-4,

two difficulties were encountered during the development of this synthetic blueprint that

requires further attention. The first complications arose during attempts to decarboxylate

compound 4 . The conditions utilized in this conversion were modified from the work of

Krapcho, et al.
343

The mechanism for decarboxylation of the ethyl ester is thought to first proceed to

the acid (Figure 5-5, D) and then through a six-center transition state to give the enol

(Figure 5-5, E), which immediately undergoes tautomerization to yield the keto product

(Figure 5-5, F).
345

Normally, this organic transformation is accomplished by heating the

substrate in an aqueous acid-containing medium; however, Krapcho’s method was

utilized because decarboxylation is accomplished under mild, neutral conditions. This

approach obviates unwanted side reactions such as acyl group cleavage and/or acid

addition to the alkene. Therefore, the continuity of the terminal olefins is preserved in

the desired monomer, which is a key factor in the ultimate success of the ADMET

reaction.
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Figure 5-5. Mechanism for the decarboxylation of compound 4.

A great deal of effort focused on the optimization of reaction conditions for the

decarboxylation step. Table 5-1 furnishes the yields of 5 in relation to the various times,

temperatures, and equivalents of LiCl/water used for a number of representative reactions

investigated during this study. The results in Table 5-1 reveal that the reaction occurs

more readily when employing either a) large initial equivalents of LiCl/water while

maintaining the reaction temperature at approximately 149-150 °C or b) 3 equivalents of

LiCl/water while maintaining an approximate reaction temperature of 160-170 °C.

The sensitivity of this reaction cannot be stressed enough. For example, the

slightest deviation in reaction temperature (+/-5 °C) beyond or below the window of the

conditions listed above resulted in either the full recovery of starting material (4) at lower

temperatures or complete decomposition of all material at the higher temperatures (Table

5-1, entry number 3). By far, this reaction is the bottleneck of the five-step synthesis

given in Figure 5-4; and current research is underway in the hopes to either further

optimize this reaction or to abandon altogether the 5-step process presented here in favor

of a completely different/higher yielding synthetic approach.
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Table 5-1 . Decarboxylation of Compound 4 to Yield 5: Representative Optimization

Reactions.

rxn

#

equiv.

LiCl

equiv.

H20

time

hours

rxn temp.

(°C)

%

conv."

rxn appearance

remarks/changes

1 2 2 16 149 20 clear to yellow/brown

4 4 36 149 68 no change

4 4 63 149 82 orange/brown

4 4 88 149 91 orange-brown/aubum

2 20 20 120 149-152 90 orange/brown

3* 20 20 120 170-184 -- dark brown solution w/solid gel

4 1.1 1.1 0 0 0 clear, colorless

2 97 0 clear, colorless

17 99 0 clear to yellow/brown

89 118 7 yellow/brown

96 130 6-7 yellow/brown

2 2 112 137 10 yellow/brown

139 135 25 yellow/brown

166 153 38 yellow/orange

243 172 78 yellow/orange
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Table 5-1. Continued.

rxn equiv. equiv. time rxn temp. % rxn appearance

# LiCl H20 hours (°C) conv.
0

remarks/changes

5 3 3 16 168 76 clear to yellow/brown

40 170 86 clear to yellow/orange

47 170 86 clear to yellow/orange

6 1.1 1.1 21 152 — clear to light brown

45 164 63 clear to yellow/orange

53 164 71 clear to yellow/orange

2 2 125 156 78 yellow/orange

149 156 82 yellow/orange

a
The percent conversion as determined by GC relative to peak of starting material (4).

b
Complete decompostion without reclaim of any starting material.

The second complication in this synthesis surfaced during the transformation of the

secondary tosylate (compound 7, Figure 5-4) to the desired ethyl-branched a,co-diene of

interest, 1. The reaction was first performed with lithium aluminum hydride in diethyl

ether (Et20) as the reducing agent. Workup of this reaction yielded not only the desired

ethyl-branched diene (1) but also the undesired elimination product, 8. Fortunately, the

separation of the two products is easily affected by flash column chromatography in pure

hexanes; however, upon purification, it was found that the ratio of eliminated (8) to ethyl-

branched (1) monomer was approximately 3:2, which is not highly unfavorable when

seeking gram quantities of material—as we were in this instance. Therefore, a method

was sought to either completely circumvent or suppress the evolution of eliminated side
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product, 8, during the reduction of the tosylate. In the hope to improve upon our initial

result, a series of scout reactions were performed using a variety of reducing agents and

solvent combinations, results of which are presented in Table 5-2.

Table 5-2. Reduction of the Secondary Tosylate (4) to Ethyl-Branched (1) and

Eliminated (8) Monomers with Various Hydride Reducing Agents.

Reagent"

(1M solution) solvent

%1

(by GC)

% 8

(by GC)

LiAlH4/Et20* Et20 42 58

LiAlH4/Et20 Et20 40 60

LiAlH4/Et20 THF 0
C

0
C

LiAlH4/THF THF 0
C

0
C

Lifsec-BufiBH/THF Et20 41 59

Li(Et) 3BH/THF Et20 0
C

0
C

Li(sec-Bu)3BH/THF THF 38 62

Li(Et)3BH/THF THF 86 14

—~
; „
—

“ All reactions conducted at room temperature except entry 1.
b
Reaction ran under reflux

conditions.
c No product was detected by GC or NMR analysis.

As shown in Table 5-2, the reduction of 4 to yield the desired ethyl-branched

monomer, 1, is most effective when using Li(Et) 3BH as the reducing agent and THF as

the solvating medium. This reducing agent, coined a Super Hydride, was first employed

by H.C. Brown and coworkers in the deoxygenation of cyclic and acyclic alcohols in the

344
late 1970s.
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No attempts have been made to optimize this reaction further, and as mentioned

previously, the unwanted eliminated side-product, 8, is easily separated from the ethyl-

branched monomer, 1, by utilizing flash column chromatography.

5.2.2 Continuing Research in Regard to Ethyl Monomer Synthesis

Thus far, Route 5 (Figure 5-4) has been the sole successful synthetic pathway used

to produce the ethyl branch monomer; however, current research is still centered on

exploring Routes 4 and 6 as viable candidates to produce the desired ethyl-branched

dienes. In particular, attention will be given to Route 4, involving decyanation chemistry,

in the following discussion (Figure 5-6, below).

Figure 5-6. Ethyl monomer synthesis via decyanation chemistry; LDA (lithium

diisopropyl amide) and HMPA (hexamethylphosphoramide).

If successful, this synthetic process offers important advantages over the ethyl

acetoacetate-based route given earlier. First, the steps required for overall monomer

synthesis would be reduced from a total of five to only three. Also, the starting nitrile, 9,

and its longer alkyl analogs are all inexpensive, readily available materials. This is

important because the availability of longer alkyl nitriles lends well to the future
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synthesis of longer-branched monomers (i.e. propyl, butyl, hexyl, etc.) if this synthetic

methodology proves feasible.

The alkylation of 9 is readily accomplished by deprotonation at the alpha carbon by

lithium diisopropyl amide (LDA) and subsequent reaction with 5-bromo-l-pentene. The

monoalkylated nitrile is then isolated and purified before proceeding to the next reaction.

The conversion of 10 to 11 proved more difficult. After the addition of LDA to 10, a

white salt immediately began to precipitate from solution, a point not encountered

previously in the literature. However, the addition of a small amount of HMPA

dissipated the salt formation and allowed for the successful completion of the reaction to

yield compound 1 1

.

Figure 5-7. Possible resonance structures for anion formation in compound 10.

It is thought that the complexation of lithium cations to nitride salts led to the salt

formation. Figure 5-7 depicts the possible resonance structures after deprotonation of 10.

It is thought that compound 10b is the most likely candidate for the observed salt

formation.

After the successful synthesis and purification of compound 11, attention was

turned towards the decyanation reaction that would yield the desired ethyl-branched

diene (1). However, the desired product was not obtained in this instance.
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1,3-hydride shift

Side View

1,3-hydride shift

Figure 5-8. Proposed ring closing mechanism for the decyanation reaction of 1 1

.
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Figure 5-8 depicts a proposed mechanism for what may have actually occurred

during the attempted conversion of 11 to 1. The decyanation reaction is thought to occur

by an anionic mechanism; therefore, the possibility exists for the anion to take part in ring

closure to form the stable five-membered ring before it can be quenched.

Following workup, H and C NMR analysis indicated that only internal olefm

was present in what appeared to be a mixture of products. Further, gas chromatography

(GC) and thin-layer chromatography results suggested the presence of three distinct

products. These findings suggest that a double ring closure occurs to yield the three

bicyclic rings illustrated in Figure 5-8. In order to substantiate this mechanism, attempts

are currently underway to purify the product mixture obtained during the decyanation of

monomer 1 1

.

Even though the reaction failed to produce the desired monomer, it is still felt that

this methodology requires further exploration as a viable candidate to produce a plethora

of alkyl-branched a,co-diene monomers. With regards to the conversion of monomer 11

to 1, the result may be improved if lower reaction temperature and reduced times of

reaction are used in the attempt to sway the kinetics of reaction away from ring closure.

However, the problem may exist in the length of the alkenyl branch itself. Perhaps

the use of this methodology would require the distance between the anion formation and

terminal olefins consist of more than 6 carbons, thereby avoiding favorable ring closure

conditions. Regardless, it is felt that further research is required in this area before this

methodology is abandoned as a viable route to a series of ethyl-branched monomers and

beyond (i.e. propyl, butyl, pentyl, hexyl, etc.).
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5.2.3. ADMET Polymerization and Hydrogenation Chemistry

Monomer 1 was exposed to Schrock’s catalyst
7

under mild ADMET step

polymerization conditions (see Figure 5-2). The chemistry proceeds cleanly to yield a

linear, unsaturated polymer (Figure 5-2, 2) that is comprised of only one type of repeat

unit plus the usual amount of cyclics (<l-2%) found in bulk polycondensation

conversions. Exhaustive hydrogenation of unsaturated prepolymer was accomplished

using palladium on carbon (10 wt% Pd/C) as the method of choice, leading to creation of

an ethylene-based material with an ethyl branch precisely placed on each and every 9
th

backbone carbon, 3. This is the first example of an ADMET model EB copolymer. No

side reactions are detectable by TLC, NMR. Complete hydrogenation has been verified

by both infrared (IR) spectroscopy and NMR analysis.

5.2.4. Molecular Weight Analysis

Table 5-3. Molecular Weight Data for Unsaturated and Saturated Ethyl Branched

ADMET Polyethylene Polymers

M
n

a polydispersity

polymer (grams/mole) index (PDI)
fl

2 (unsaturated) 31 400 1.83

3 (saturated) 32 600 1.78

a
Molecular weight data obtained in THF and is relative to polystyrene standards.

Table 5-3 confirms that the hydrogenation process does not alter the molecular

weight of the unsaturated polymers in this study, which is an observation consistent with

our earlier experiments. ’
’ For both the unsaturated and saturated polymers, the

polydispersities are somewhat more narrow than the typical step polymerization value of
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2.0. This is a direct consequence of the small degree of fractionation that takes place

during precipitation of these materials prior to GPC analysis. As previously discussed for

EP copolymer models,
20

this ADMET model EB copolymer exhibits a molecular weight

and polydispersity index within a sufficient range to make it an excellent model for

commercial grades ofLLDPE produced via metallocene catalysis.

5.2.5. Structural Determination Data

Figure 5-9 shows the ’H NMR spectra for the conversion of monomer, 1, to

unsaturated polymer, 2, and then on to the fully saturated ADMET model EB copolymer

possessing an ethyl branch on every 9
th

carbon, 3. The conversion of terminal alkene

peaks at 4.96 and 5.81 ppm in monomer (Figure 5-9a) to growth of a single internal

alkene resonance at 5.40 ppm in the unsaturated polymer (Figure 5-9b) gives clear

indication that the ADMET reaction has taken place, and the absence of visible end-

groups implies that high polymer has been obtained—a result consistent with the GPC

results given earlier. Subsequently, the internal olefin resonance at 5.40 ppm (Figure 5-

9b) completely vanishes upon exhaustive hydrogenation of the double bonds. In a like

manner when going from Figure 5- 10b to 5- 10c in the
13C NMR spectra, the

disappearance of unsaturated olefin resonances at 130.62 ppm (trans) and 130.15 ppm

(cis) further substantiates the success of exhaustive hydrogenation to produce the desired

model EB copolymer. The clean nature and clear transformation processes depicted in

the spectra are typical for all ADMET model LLDPEs synthesized thus far
20

and

illustrate the level of structural control that is possible when utilizing step condensation

chemistry as the choice method to model ethylene-co-alpha-olefin systems.
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d-g

i LJ

7.0 6^ 6.0 5^ 5.0 <5 4.0 15 10 2.5 10 1.5 1.0 05

Figure 5-9. *H NMR: (a) monomer, 1; (b) unsaturated polymer, 2; (c) saturated polymer,

3.
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1 ^

Figure 5-10. C NMR: (a) monomer, 1; (b) unsaturated polymer, 2; (c) saturated

polymer, 3.
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Moreover, the
l3C NMR spectra in Figure 5- 10c reveals that there are seven distinct

sp
3
carbon signals present in the fully saturated ADMET model EB copolymer. The

chemical shifts observed for polymer 3 are 11.12, 26.12, 39.09, 30.01, 30.43, 26.99, and

33.45 ppm, values that are in very good agreement with experimental
346

and predicted

values.
347

For comparison, a table of calculated and observed values for ethyl branches in

polyethylene is provided in Table 5-4. However, in order to simplify the discussion, the

individual carbons in the polymer repeat unit will be labeled based on a modified version

of nomenclature defined by Randall.'

a' 1 Bn

Figure 5-11. Generalized nomenclature for
13C NMR analysis of branched

polyethylenes.

Table 5-4 provides an interesting comparison of the various chemical shift values

for the repeat unit given in Figure 5-11. Although the chemical shifts of the ADMET

model EB copolymer coincide very well with all of the values presented in Table 5-4, the

ADMET model correlates most closely with that of the experimental data presented by

Rinaldi. It is interesting that Rinaldi’s chemical shift values were generated on the

highest field NMR of all data presented in Table 5-4. This suggests that ADMET model

LLDPEs, in conjunction with high field NMR experiments, could be used to derive new

and improved mathematical parameters in the structural study of branched polyethylenes.
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To be sure, the precisely-branched ADMET PEs, synthesized thus far, offer a tremendous

potential to study/model the exact impact a short-chain branch and its distribution have

on the final structure-property relationships in ethylene-based materials. And nowhere is

this more evident than in the NMR results presented here.

Table 5-4. Observed and Calculated Chemical Shifts for an ADMET Model EB
Copolymer with an Ethyl Branch on Every 9

th
Carbon.

carbon

ADMET EB

copolymer"

exp

Rinaldi*

exp

MandelkenT

calcd

G-P
rf

calcd

L-Ae

a 33.45 34.15 34.26 34.33 34.30

P 26.99 27.36 28.16 28.10

y 30.43 30.49 30.34 30.30

5 30.01 30.00 29.92 29.90

methine 39.09 39.79 39.86 37.77 37.70

a’ 26.12 26.80 27.15 27.42 27.40

1B„ 11.12 11.16 10.94 11.33 11.40

a
Data obtained in this study; spectra taken in CHC13 on a 75 MHz Varian Associates 300

spectrometer.
h
[See ref 346a] Data obtained from commercial LLDPE samples; spectra taken in

a 40% benzene-d6/60% 1,2,4-trichlorobenzene mixture on a 188.6 MHz Varian Unityplus 750

MHz spectrometer.
c
[See ref 346b] Data obtained from commercial LDPE samples; spectra

taken in 1,2,4-trichlorobenzene on a 67.905 MHz Bruker-HX-270 spectrometer.
d
[See ref 347a]

Calculated values based on the work of Grant and Paul.
e
[see ref 347b] Calculated values based

on the work of Lindeman and Adams.

While there are several analytical techniques to examine successful hydrogenation

('H NMR, 13C NMR, bromine uptake, and IR), IR spectroscopy offers the most sensitive

method to observe whether or not exhaustive hydrogenation has occurred. Analogous to

the NMR comparisons presented earlier, Figure 5-12 illustrates the conversion of
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unsaturated polymer (2) to the saturated model EB copolymer (3), as monitored by IR

spectroscopy.

HPEB9 (KCI Plate)

Figure 5-12. IR split spectrum of (a) UPEB9: unsaturated polymer with ethyl branch on

every 9
th

carbon (2) and (b) HPEB9 saturated polymer with ethyl branch on every 9
th

carbon (3).
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The sharp peaks at 1380 cm'
1

(unsaturated) and 1379 cm'
1

(saturated) correspond to

the symmetrical methyl bend. Several differences are immediately apparent. In going

from unsaturated to saturated polymer, the internal olefin’s characteristic out-of-plane

(oop) C—H bending vibration (966 cm'
1

) completely disappears, thereby signifying the

successful completion of the hydrogenation reaction. Contrary to this is the appearance

of many more characteristic absorptions in the saturated polymer. A plausible

explanation is that the hydrogenated polymer perhaps has a decreased number of

conformational defects along the chain stems (no cis/trans issues), thereby producing a

more ordered material. A higher level of structural order could lead to the observed

increase in vibration frequencies; however, this phenomenon was not observed in the

series of EP copolymers produced earlier, at least to this noticeable extent. The exact

reasons for this anomaly are unclear at this time; however, a detailed IR study for a series

of melt and solution crystallized ADMET LLDPEs is currently underway in the hopes of

deducing these structural differences.

As previously discussed (Chapter 4), Tashiro et al. carried out a detailed study on

the IR response of differing polyethylene crystal structures. They concluded that a

single-peaked scissoring vibration at 1466 cm'
1

in combination with a single-peaked

rocking absorption at 721 cm'
1

was indicative of the pseudo-hexagonal structure for

polyethylene. In Figure 5- 12b, the saturated ADMET EB copolymer model (3) clearly

exhibits the characteristic shapes and absorption values (two single peaks at 1462 and

721 cm"
1

) which point to it having a pseudo-hexagonal packing structure. The pseudo-

hexagonal, or rotator phase as it is sometimes called, lies somewhere on the periphery of

the melt and solid phase; therefore, a strict determination of the ability (or inability) of



232

hydrogenated polymer 3 to crystallize cannot be based on IR information alone. In order

to delineate this problem further, the thermal behavior of these materials must be

explored.

5.2.6. Thermal Analysis

A number of thermal behavior studies have been performed on commercial EB

copolymers containing a statistical distribution of ethyl branches.
88,349

Similar to the

results obtained for EP copolymers, studies on randomly-branched EB copolymer

systems have shown that the density, enthalpy, degree of crystallinity, and peak

melting/crystallization points all decrease as the amount of defect content (ethyl

branches) is increased.

Like EP copolymers, the melting behavior of EB systems is influenced by the

amount of short-chain branching (SCB); however, the SCB distribution (SCBD) is by far

the more determinate factor on the final physical properties of a given material. An

especially difficult problem arises during modeling studies on ethylene-based polymers

due to the compositional heterogeneity normally encountered for these statistically

branched materials. Elaborate precautions are required to synthesize materials that

approach a uniform composition, and detailed physical characterization studies are

required to confirm the existence of a well-defined material. Without definitive

knowledge of the distinct polymer architecture in a given material, any theoretical

interpretation concerning the final structure-property relationship dependence on defect

content and distribution is severely compromised. This is a major advantage in ADMET

EB copolymers because they are well-defined materials with a homogenous distribution

of defects along the backbone, thereby making them excellent substances with which to
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model the effect that SCB and SCBD have on the final materials response of ethylene-

based materials.

DSC Analysis

Figure 5-13. DSC comparison of unsaturated polymer (2) to fully hydrogenated EB
copolymer model (3). Relaxations are given as onset glass transition values.

In Figure 5-13, a calorimetric comparison is depicted for the unsaturated (2) versus

fully saturated polymer (3). Both materials possess a precise ethyl branch distribution

along the hydrocarbon backbone; however, the relaxation onset of the hydrogenated

polymer (-76 °C) is a full six degrees higher than its unsaturated counterpart (-82 °C), a

direct result of the conformational disordering caused by the random distribution of

cis/trans olefins. Due to their hybridization and energetic differences, points of

unsaturation are more easily unlocked from a rigid state than their fully saturated

counterparts.

It is worthy to note that neither material showed any sign of melting in the range

studied here (-95 to 140 °C). Previously, model EB copolymers, made from
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hydrogenated poly(butadienes), have exhibited ill-defined melts for branch contents as

high as 106 ethyls/1000 carbons.
349

* In contrast, the ADMET model EB copolymer (3)

possessing 111 ethyls/1000 carbons studied here shows no detectable melting point.

Therefore, it can be assumed that this material (HPEB9) is completely amorphous, an

interesting result when compared to the thermal behavior exhibited by the ADMET

model EP copolymer (HPEP9) with the same branch content (Figure 5-14).

DSC Comparison

Figure 5-14. DSC comparison of 1) HPEP9: ADMET model ethylene/propylene

copolymer with a methyl on each and every 9
th
carbon and 2) HPEB9: ADMET model

ethylene/butylene copolymer with an ethyl on each and every 9
th
carbon.

The only viable explanation of this result is that methyl branches are readily

incorporated into the crystal lattice, whereas the steric demands of the ethyl branch

preclude its ability to take part in the crystallization process at this level of precise branch

distribution. In this light, it has been shown that approximately 95% of the ethyl

branches are excluded from the crystalline region in statistically branched EB
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copolymers.
349d

This may give insight into the differences observed in the thermal

behavior of the statistically branched EB copolymer with 106 ethyls/1000 carbons and

the ADMET EB copolymer (111 ethyls/1000 carbons) model studied here. The plausible

explanation centers on the SCBD differences in these materials. Although care is taken

during the creation of ideal random EB copolymers, slight differences in either monomer

reactivity and/or polymerization conditions allows the evolution of a substantial amount

of methylene sequence lengths (MSLs) to be present in these materials. These regions

are devoid of branching and allow crystallization to take place in much the same manner

as in linear polyethylene, but only to a lesser degree. However, ADMET model EB

materials possess the same MSL between every ethyl branch, and it is evident from the

thermal behavior results obtained here that a MSL of eight carbons between ethyl

branches is not sufficient enough to allow this material to crystallize. These findings are

quite interesting and merit further exploration.

5.3. Conclusions

The synthetic methodology to produce the first a,co-diene monomer possessing a

symmetrically substituted ethyl branch (1) has been disclosed. The ADMET

polymerization and subsequent exhaustive hydrogenation of this substrate has created the

first ADMET model ethylene/butylene (EB) copolymer wherein there is placed an ethyl

branch on each and every 9
th
carbon along the hydrocarbon backbone (3). Both NMR

and IR spectroscopy have been utilized to verify the structure of this new ethylene-based

polymer.

Calorimetric analysis has shown that 3 is a completely amorphous material with a

glass transition of -76 °C. This result lies in stark contrast to the semicrystalline nature
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exhibited by its sister ADMET ethylene/propylene (EP) copolymer. The EP copolymer

with a methyl branch on each and every 9
th
carbon was shown to exhibit a sharp, well-

defined melting point and -13.8 °C and a /^-relaxation observed at -45 °C. The initial

thermal behavior findings for this new model EB copolymer are indeed interesting and

provide a basis to better understand the precise influence that SCB content and

distribution have on the final physical properties of polyethylene. In order to enhance our

understanding of these materials, research is currently underway to produce a series of

ADMET model EB copolymers within the same regime of varying methylene sequence

lengths studied for their EP copolymer predecessors (i.e. a short chain branch on every

15
th

,
19

th

,
and 2

1

st
carbon). Synthetic work is also being directed at further decreasing the

branch (defect) content in these precisely branched materials in the hopes of modeling

SCB levels commonly encountered in commercial LLDPEs (15-18 SCBs/1000 carbons

or a SCB on every 57-67
th

carbon).

5.4. Experimental

5.4.1. Instrumentation and Analysis.

All 'll NMR (300 MHz) and
13C NMR (75 MHz) spectra were recorded on either a

General Electric QE-Series NMR Superconducting spectrometer system or Varian

1 1 -j

Associates Gemini 300 spectrometer. Chemical shifts for H and C NMRs were

referenced to residual signals from CDCI3 with 0.03% v/v TMS as an internal reference.

Reaction conversions and relative purity of crude reactions were monitored by

chromatography. Gas chromatography (GC) was performed on a Schimadzu GC-17 gas

chromatograph equipped with a 25 m capillary column packed with a 5% crosslinked PH

ME and flame ionization detector. Thin layer chromatography (TLC) was performed on

Watman™ aluminum backed, 250 mm silica gel coated plates. TLC plates were
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developed with mixtures of hexanes and ethyl acetate as the mobile phase. TLC plates

for UV inactive olefin monomers were stained with either potassium permanganate (2%)

in an aqueous solution of sodium bicarbonate (4%) or phosphomolybdic acid (10%) in

ethanol after development to produce a visible signature. Low and high-resolution mass

spectral (LRMS and HRMS) data were obtained on a Finnegan 4500 gas

chromatograph/mass spectrometer using the electron ionization (El) mode. Elemental

analyses were carried out by Atlantic Microlabs Inc., Norcross, GA.

Methyl ketone and secondary alcohol intermediates were purified by vacuum

distillation from calcium hydride. Initial purification of monomer was accomplished by

simple short path vacuum distillation. Final purification to yield pure monomer was

accomplished by either flash chromatography
61

using 100% hexanes as the eluent or high

performance liquid chromatography (HPLC) using 99.5% hexanes and 0.5% ethyl acetate

as the mobile phase. HPLC was accomplished using a Ranin instrument equipped with

Dynamax SD1 pumps, Dynamax UV-1 variable wavelength UV/VIS absorbance detector

and a Varian Star 9042 Refractive Index (RI) detector in series, and Dynamax FC-1

fraction collector. Two columns were utilized: 1) analytical or scout scale column with

dimensions of 10.0 mm (inner diameter) by 250.0 mm. 2) preparative scale with

dimensions of 41.4 mm (inner diameter) by 250.0 mm. Both columns were silica packed

with a particle size of 8pm and a pore size of 60 A. Crude samples were diluted in a 25%

solution (w/v) of HPLC grade hexanes and filtered prior to injection.

Gel permeation chromatography (GPC) was performed using a Waters Associates

liquid chromatography U6K injector equipped with a tandem ABI Spectroflow 757 UV

absorbance/Hewlett-Packard 1047-A RI detectors and a TC-45 Eppendorf column heater
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set to 35 °C. All molecular weights are relative to polystyrene standards. Polymer

samples were dissolved in HPLC grade tetrahydrofuran, THF, (approximately 0.1% w/v)

and filtered before injection (a volume of 20 pL). The GPC was equipped with two 300

mm Polymer Laboratories gel 5 pm mixed-C columns. HPLC grade THF was used as

the eluent at a constant flow rate of 1.0 mL/min. Retention times were calibrated against

narrow molecular weight polystyrene standards (Polymer Laboratories; Amherst, MA).

All standards were selected to produce Mp
or Mw values well beyond the expected

polymer's range. A minimum of five data points has been used to obtain calibration

curves.

Fourier transform infrared (FT-IR) spectroscopy was performed using a Bio-Rad

FTS-40A spectrometer. The hydrogenation of the unsaturated ADMET prepolymer was

monitored by the disappearance of the out-of-plane bend C-H bend for the internal olefin

at 967 cm'
1

. Monomer was prepared by droplet deposition and sandwiched between two

KC1 salt plates. Unsaturated and hydrogenated polymer samples were prepared by

solution casting a thin film from tetrachloroethylene onto a KC1 salt plate.

Differential scanning calorimetry (DSC) analysis was performed using a Perkin-

Elmer DSC 7 equipped with a controlled cooling accessory (CCA-7) at a heating rate of

10 °C/min. Calibrations were made using indium and freshly distilled w-octane as the

standards for peak temperature transitions and indium for the enthalpy standard. All

samples were prepared in hermetically sealed pans (5-10 mg/sample) and were run using

an empty pan as reference and empty cells as a subtracted baseline. Prior to each

measurement, each sample was first quenched from 50 °C into liquid nitrogen in order to

maximize the relaxation event. Data collection was taken on the 3
rd

run.
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Thermogravimetric analysis (TGA) was also performed. Polymers were heated from

room temperature to 800 °C in nitrogen at a scan rate of 10 °C/min. The onset of weight

loss was taken as the initial value. The results are listed in the experimental and in

tabular form within the text. Relaxations (T
g's)

are given as onset Tg
(glass transition)

(second order transition) and Cp (heat capacity in J/g°C).

5.4.2. Materials.

Schrock's molybdenum catalyst [(CF3)2CH3CO]2(N-2,6-C6H3-i-

Pr2)Mo=CHC(CH3 )2Ph (Figure 2-1), was also synthesized via literature procedure.
36

Tetrahydrofuran (THF), dimethoxyethane (DME), toluene, and diethyl ether (Et20)

were freshly distilled from Na/K alloy using benzophenone as the indicator. A solution

of 2M potassium tert-butoxide (KOt-Bu) was prepared in a flame dried, argon purged

Schlenk tube by combining the salt (Aldrich) with DME freshly distilled from Na/K

alloy. 5-bromo-l-pentene was distilled from CaH2 prior to use. Ethyl acetoacetate

(Aldrich) was also distilled from CaH2 prior to use. 'H NMR and
13C NMR spectra for

ethyl acetoacetate and 5-bromo-l-pentene are provided under the listing of starting

materials. All other reagents mentioned in the experimental were used as received.

5.4.3. Characterization of Starting Materials.

Ethyl acetoacetate (Aldrich): 'H NMR (CDC13 ): 5(ppm) 1.29 (t, 3H, -

C(0)0CH2 CiT,), 2.29 (s, 3H, -C(0)CH3), 3.46 (s, 2H), 4.21 (q, 2H, -C(0)0CH2C//5),

12.17 (s, 0.06H, enol contributor);
,3C NMR (CDC1 3 ): 5(ppm) 14.12 (-C(0)0CH2CH 3 ),

30.10 (-C(0)CH3 ), 50.10, 61.30 (-C(0)0CH 2CH3 ), 167.22 (-C(0)0CH2CH3 ), 200.74 (-

C(0)CH3 ).
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5-bromo- 1 -pentene (Aldrich): 'H NMR (CDCI 3 ): S(ppm) 1.95 (m, 2H), 2.21 (m,

2H), 3.41 (t, 2H), 5.05 (m, 2H), 5.79 (m, 1H);
13C NMR (CDC13 ): 5(ppm) 31.80, 32.06,

33.06, 115.91, 136.74.

5.4.4. Symmetrical Monomer Synthesis and Characterization.

5.4.4. 1. Step 1: Dialkylation of ethyl acetoacetate (one-pot, two-step synthesis).

Ethyl-2-acetvl-2-(4-pentenvl)-hept-6-en-oate (4) . Synthesized according to

literature procedure .

20
Note: 4 batches of the disubstituted (3-keto product (4) were

combined before proceeding with the next reaction. The product was then placed in a

roundbottom flask over CaH2 and stirred overnight. The flask was next transferred to a

vigreux distillation apparatus, placed under vacuum, and stirred overnight (5 x 10''mm

Hg). Crude disubstituted /?-keto ester (4) was distilled with a boiling point of 131-133 °C

at 5 x 10"' mm Hg. Average yield of keto-ester 4 (for 4 batches)'. 89.2% (Crude), 72.3%

(Isolated). The following spectral properties were observed: 'H NMR (CDCI 3 ): 5(ppm)

1.18 (m, br, 4H), 1.28 (t, 3H, -C(0)0CH2Ctf5), 1.82 (m, br, 4H), 2.06 (q, 4H), 2.11 (s,

3H, -C(0)CH3), 4.18 (q, 2H, -C(0)00/2CH3 ), 4.98 (m, 4H, vinyl CH2 ), 5.74 (m, 2H,

vinyl CH);
13C NMR (CDC1 3 ): S(ppm) 14.04, 23.09, 26.60, 30.57, 33.80, 61.10, 63.25,

115.04 (vinyl CH2 ), 137.88 (vinyl CH), 172.43 (-C(0)0CH2CH 3), 205.20 (-C(0)CH 3 );

EI/LRMS: [M + 1]
+
calcd. for Ci 6H2603 : 267, found: 267. Elemental analysis calcd. for

Ci 6H2603 : 72.14 C, 9.84 H 18.02 0; found: 71.98 C, 9.95 H, 18.22 O.

5.4.4. 2. Step 2: Decarboxylation of the disubstituted P-keto ester.

2-alkoxy-3-(4-pentenyl)-7-octene (5) . A 21.81 g sample of 4 (82 mmol) and 200

mL of dimethylsulfoxide (DMSO) were placed in flame dried, Ar purged 500 mL 3-neck

round bottom flask equipped with a condenser and stirbar. To this solution was added
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1.1 equivalents of anhydrous LiCl (3.82 g, 90 mmol) and 1.1 equivalents of D.I. H20

(1.62 mL, 90 mmol). The reaction mixture was gently heated with a temperature-

controlled hot plate. Important: the temperature control was set to maintain an oil bath

temperature of 149-152 °C throughout the reaction. A reaction time of 20 h yielded a

reaction mixture that was light brown in color (transparent). At this point, the reaction

vessel was cooled to room temperature and an aliquot was taken for GC analysis. The

mixture was returned to the 149-152 °C bath and reacted for an additional 21 h, upon

which a second aliquot was taken. After 41 h of reaction time, the color of the mixture

had changed to dark yellow/orange in color. The mixture was again stirred at 149-152 °C

for an additional 3 1 h (72 h), after which a final aliquot was taken. After a total of 5 days

(120 h), the reaction was cooled to room temperature and quenched with 200 mL of D. I.

H2O over a period of 15 minutes. An additional 100 mL of D. I. H20 was then added and

the reaction mixture was extracted (1 x 300 mL and 2 x 150 mL) with dichloromethane

(CH2CI2). The organics were combined, washed with DI H2O (3 x 200 mL), and dried

over MgSCL. This mixture was stirred overnight, filtered and the dichloromethane was

evaporated under reduced pressure. The product was then placed over CaH2 and stirred

overnight. The crude product over CaH2 was then placed into a vigreux distillation

apparatus, exposed to vacuum (5 x 1 0
1 mm Hg), and stirred overnight. Crude methyl

ketone (5) was then distilled with a boiling point of 55-60 °C at 5 x 10
"

1 mm Hg to give

4.5 g of pure product. Yield of ester 5: 54.1% (Crude), 28.5% (Isolated). The following

spectral properties were observed: 'H NMR (CDCI3): 5(ppm) 1.35 (m, br, 6H), 1.43 (m,

br, 2H) 1.57 (m, br, 2H), 2.02 (q, 4H), 2.11 (s, 3H, -C(0)0C7/5), 2.44 (m, 1H,

R2ayC(0)0CH 3 ), 4.97 (m, 4H, vinyl CH 2 ), 5.77 (m, 2H, vinyl CH);
13C NMR (CDCI 3 ):
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5(ppm) 26.77, 28.91, 31.15, 33.91, 53.12 (-C(0)CH 3 ), 114.99 (vinyl CH2), 139.18 (vinyl

CH), 212.99 (-C(0)CH 3 ); CI/HRMS: [M + 1]
+

calcd. for Ci 3H230: 195.1749, found:

195.1773; Elemental analysis calcd. for Ci 3H230: 79.94 C, 11.87 H, 8.19 O; found:

79.70 C, 12.01 H, 8.29 O.

5.4.4.3. Step 3: Reduction of the alkyl methyl ketone to the secondary alcohol.

3-(4-pentenvl)-7-octen-2-ol (6) .
(Two additional batches of Steps 1 and 2 were

prepared and combined prior to undertaking this procedure). An 11.40 g (59 mmol)

sample of purified 5 and 350 mL of dry diethyl ether were combined in a flame dried and

Ar purged 3 -neck 1000 mL round bottom flask equipped with a stir bar and condenser.

This mixture was then cooled to 0°C and stirred for 30 min. To this stirring, cooled

solution was added 176 mL (3 eq. of LAH; 12 eq. of hydride) of 1.0M lithium aluminum

hydride (LAH) in Et20 over a period of 45-60 min. Bubbling was observed during

addition. The reaction was allowed to warm to room temperature and stirred for a period

of 1 8 h. After transferring to a beaker (blanketed with a nitrogen and/or argon purge via

a funnel), DI H20 was added (Caution: dropwise initially) with stirring to quench the

reaction. Upon formation of a gel-like solution that hinders stirring, 3N HC1 was added to

complete the quenching, dissolving all precipitated salts. The reaction mixture was

extracted 3 x with Et20, washed with DI H20, and dried over MgSCL. The combined

organic extracts were filtered and evaporated under reduced pressure to yield a clear, oily

substance with a trace of precipitated white salts. The product was then purified by

column chromatography using a 90:10 mixture of hexane/ethyl acetate as eluent. Yield

of alcohol 6: 99.6% (Crude), 95.1% (Isolated). The following spectral properties were

observed:
]H NMR (CDC13 ): 5(ppm) 1.38 (m, br, 9H), 1.74 (s, 1H, -CH20H), 2.04 (q,



243

4H), 3.53 (d, 2H, -C//2OH ), 4.98 (m, 4H, vinyl CH2 ), 5.81 (m, 2H, vinyl CH);
13C NMR

(CDC1 3 ): 5(ppm) 26.23, 30.40, 34.16, 40.36, 65.48 (-CH2OH), 114.46 (vinyl CH2 ),

138.90 (vinyl CH); EI/HRMS: [M + 1
]

+
calcd. for C, 2H220: 183.1749, found: 183.1796;

Elemental analysis calcd. for Ci 2H220: 79.05 C, 12.17 H; found: 79.11 C, 12.19 H.

5.4.4.4. Step 4 (Tosylation of the alcohol).

6-(4-pentenv0-7-(p-toluenesulfonyl)-l-octene (7) . In a flame dried and Ar purged

250 mL 3-neck flask equipped with a stir bar, 10.94g (56 mmol) of pure 6 and 50 mL of

CHCI 3 were added. This solution was cooled to 0 °C followed by the addition of 1 1 .3 mL

(11.0 g, 139 mmol) of pyridine. After stirring 20 min., 12.21 g (64 mmol) of p-

toluenesulfonyl chloride (TsCl) was added with constant stirring. The solution changed

from colorless to a yellow-brown hue after the addition. The solution was then allowed

to warm to room temperature and stirred 36 h. The reaction was stopped and washed

with 3N HC1 to neutralize any excess pyridine and dissolve pyridinium salts. The

organic layer was washed with DI H20 and saturated K2C03 solution in order to remove

unreacted tosyl chloride. The aqueous layers were extracted three times by CHCI3 ,

washed with DI H20, and combined with the original organic layer. The organic layer

was dried with MgSC>4 ,
filtered, and evaporated under reduced pressure to yield the

crude, viscous yellow oil (7). Attempts to isolate the product were not further pursued

for fear of tosic acid elimination; therefore, yield was not calculated. The following

spectral properties were observed: 'H NMR (CDCI 3 ): 5(ppm) 1.34 (m, br, 12H), 1.95 (d,

br, 4H), 2.44 (s, 3H, methyl), 4.66 (m, 1H, -Ci/(OTs)CH3 ), 4.94 (m, 4H, vinyl CH2),

5.73 (m, 2H, vinyl CH), 7.31 (dd, 2H), 7.77 (dd, 2H);
,3C NMR (CDC13 ): 5(ppm)

17.34 (-CH3), 22.07 (-CH(OTs)CH3 ), 26.86, 26.93, 29.02, 29.61, 34.19, 34.36, 43.17 (-
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C(H)CH(OTs)CH3 ), 82.58 (-CH(OTs)CH3 ), 114.97 and 115.08 (vinyl CH 2), 128.12 (-

S02CC(H)-), 130.13 (-S02CC(H)C(H)-), 135.03 (-S02 C-), 138.88 and 139.00 (vinyl

CH), 144.67; EI/LRMS: [Mfcald. for C20H30SO3 : 350, found: 350.

5.4.4.5. Step 5: Reduction of the tosylate to yield the ethyl branch monomer (1).

3-(4-pentenyl)-7-octene Tor 6-ethvl-L10-undecadienel (1) . Note: Before using 7,

the monomer was dissolved in 100 mL of anhydrous diethyl ether, dried overnight by

stirring over MgS04 ,
filtered, and evaporated under reduced pressure to yield a colorless,

oily substance. In a flame dried and Ar purged 250 mL 3-neck flask equipped with a

stirbar and 250 mL addition funnel, 6.98 g (20 mmol) of crude 7 and 100 mL of

anhydrous THF were added. The stirred mixture was then cooled to -78 °C (acetone/dry

ice) and stirred for 30 min. To this stirring, cooled solution, 40 mL (2 eq. of hydride) of

1.0M lithium tri-ethyl borohydride (Super-Hydride®) in THF was slowly dropped into

the reaction vessel via addition funnel over a period of 30-40 min; constant bubbling was

observed during the addition. The reaction was gradually brought to room temperature

and subsequently stirred for a period of 20 h. The mixture was then cooled to -78 °C

(acetone/dry ice) and an additional 20 mL of Super-Hydride® was added, the temperature

brought back to room temperature, and the mixture stirred for an additional 24 h (44 h

total). The reaction vessel was next cooled to 0 °C and quenched with 1 80 mL of EtOH

(vigorous evolution of gas, Caution: dropwise initially). The residual organoborane was

then oxidized by addition of 300 mL of a 15% NaOH solution and 180 mL of a 30%

hydrogen peroxide (H202 ). The reaction was let stand overnight due to persistent gas

evolution. With a small amount gas evolution still present, the aqueous layer was

separated and successively washed with diethyl ether (3 x 75 mL) and once with 50 mL

of brine. The combined organics were then washed 3 x 50 mL of D. I., dried on MgSCL
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with stirring (1 h), filtered, and evaporated under reduced pressure to yield a light yellow

oil that still contained trace salts. These were removed by dissolving the crude product in

pentane to precipitate all remaining salts. Subsequent filtration and evaporation of

pentane under reduced pressure yielded 3.00g of 1 and 8. Yield of 1 and 8: 83.0%

(Crude mixture of products; Overall crude yield for 5 steps: 39.9%). Purification of the

mixture of 1 and 8. A mixture of ethyl branched (1) to eliminated monomer (8) (7.1 : 1,

by GC and NMR analysis) was formed during the reaction of the tosylate with Super-

Hydride®. The crude product was purified by flash chromatography using 100%

hexanes as eluent (Rf values: 0.608 ethyl branched monomer; 0.525 eliminated monomer)

to yield 2.50g of 1 (Step 2.3 to 2.5: 83.3%, isolated; Overall 5 Step isolated yield:

13.6%) and 0.400 g of 8 (Step 2.3 to 2.5: 13.3%, isolated; Overall 5 Step isolated yield:

2.17%). The ethyl monomer was further purified by vacuum vigreux distillation from

CaH2 with a boiling point of 56-58 °C at 1.5 mm Hg. Monomer 1 was additionally dried

via vacuum transfer to a sodium mirror. A second vacuum transfer to a storage flask

equipped with a Teflon™ vacuum valve was performed followed by three successive

freeze-pump-thaw degassing cycles. Finally, this flask was placed in an argon

atmosphere glovebox for storage prior to polymerization.

The following spectral properties were observed for the ethyl monomer 1: *H NMR

(CDC13 ): 5(ppm) 0.82 (t, 3H, -CH2Ci/ri, 1.30 (m, 12H), 1.36 (m, br, 7H), 2.05 (m, 4H),

4.96 (m, 4H, vinyl CH2), 5.81 (m, 2H, vinyl CH);
13C NMR (CDC13 ): S(ppm) 10.86 (-

CH2CH 3 ), 25.95 (-CH2CH3 ) 26.18, 32.78, 34.23, 38.80 (-C(H)(CH2CH3 ), 114.14 (vinyl

CH2), 139.19 (vinyl CH); EI/HRMS: [M]
+

calcd. for C 13H24 : 180.1878, found:
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180.1871; Elemental analysis calcd. for C 13H24 : 86.58 C, 13.42 H; found: 86.78 C,

13.50 H.

The following spectral properties were observed for the eliminated monomer 8 : 'H

NMR (CDCI3 ): §(ppm) 1.44 (m, 7H, contains encapsulated doublet for methyl on tri-

substituted alkene R2CC(C//j)(H)), 1.95 (m, 8H), 4.95 (m, 4H, vinyl CH2 ), 5.21 (dd, 1H,

-CC(CH3)(i7) ), 5.82 (m, 2H, vinyl CH);
13C NMR (CDC13 ): 5(ppm) 13.14

(R2CC(CH3)(H)), 27.49, 27.57, 29.24, 33.52, 33.78, 36.42, 114.26 (vinyl CH2 : terminal

olefin), 114.38 (vinyl CH2 : terminal olefin), 118.88 (vinyl CH : internal olefin), 138.88

(vinyl CH : terminal olefin), 138.98 (vinyl CH : terminal olefin) 139.84 (quaternary

carbon : R2CC(CH3)(H)); EI/HRMS: [M]
+

calcd. for C 13H22 : 178.1722, found:

178.1720; Elemental analysis calcd. for Q 3H22 : 87.56 C, 12.44 H; found: 87.70 C,

12.53 H.

5.4.4. 6. General Metathesis Conditions.

All glassware was thoroughly cleaned and flame dried under vacuum prior to use.

The monomer was dried over CaH2 and Na mirror and subsequently degassed prior to

polymerization. All metathesis reactions were initiated in the bulk, inside an Argon

atmosphere glove box. Monomer 1 was placed in a 50 mL round-bottomed flasks

equipped with a magnetic Teflon™ stirbar. The flasks were then fitted with an adapter

equipped with a Teflon™ vacuum valve. The adapter allows direct attachment to the

vacuum line or Schlenk hose (depending on attachment design). Typical monomer to

catalyst ratios are 1000-1500:1 with Schrock’s [Mo] catalyst. After addition of catalyst,

slow to moderate bubbling of ethylene was observed. The sealed reaction vessel was

removed from the drybox and immediately placed on the vacuum line. The reaction
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vessel was then exposed to intermittent vacuum while stirring in an oil bath at 30 °C until

the viscosity increases. Generally after 4 h, the polymerization is exposed to full vacuum

(<10'
1mm Hg) for 24 h and then high vacuum (<10'3mm Hg) for a period of 96 h,

gradually increasing temperature to a final value of 50 °C during the last 24 h of

polymerization. The reaction vessel is then cooled to room temperature. The unsaturated

polymer is characterized and subsequently hydrogenated using a Parr bomb with 10%

palladium on carbon using toluene as solvent, vida infra.

5.4.4.7. Polymerization of 3-(4-pentenyl)-7-octene (1) to give UPEB9 (2).

Monomer 1 was synthesized as described above. Schrock’s [Mo] catalyst, (0.052g,

6.79x1 O'
3
mmol), was added to monomer 1, (1.21 g, 6.6 mmol), in a 50 mL roundbottom

flask while moderately stirring the monomer; monomer to catalyst ratio (980:1).

Immediate evolution of gas ensued. The roundbottom flask was capped with a Teflon™

vacuum valve, removed from the drybox, and placed on a high vacuum line to aid in the

polymerization reaction. The polymerization was continued for 120 h at which time the

reaction vessel was cooled to room temperature. The flask was exposed to air and

toluene was added. The mixture was heated to 80 °C in order to dissolve the resultant

polymer and decompose any remaining active catalyst. The polymer/toluene solution (25

ml total) was taken up and precipitated dropwise into a vigorously stirred beaker

containing 1500 ml of acidic methanol (IN stock solution prepared with HC1) that was

chilled to -78 °C. Precipitation yielded an off white, stringy material that adhered to the

stir bar. The unsaturated polymer was removed from the chilled solution and transferred

to a pre-weighed flask. Residual methanol was remove in vacuo while constantly heating

(50 °C) for a period of three days to yield l.Olg of a clear, tacky solid (2). Yield: 98.9%

(after precipitation). [Note: 150 mg of this material was taken for characterization prior
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to the hydrogenation reaction.]. The following spectral properties were obtained for the

unsaturated polymer (2): 'H NMR (CDCI3 ): 5(ppm) 0.84 (t, 3H, methyl), 1.28 (m, br,

11H), 1.97 (m, br, 4H), 5.40 (m, br, 2H, internal olefin);
13C NMR (CDCI3): 5(ppm)

11.11, 26.06, 27.00, 27.12, 27.88, 32.92, 33.08, 33.27, 38.89, 130.15 (cis olefin), 130.62

(trans olefin).
13C NMR (CDCI3 ) integration of cis:trans peaks gives: 16:84. GPC data

(THF vs. polystyrene standards): Mn = 31 400; P.D.I. (Mw/Mn)
= 1.83. DSC Results:

Glass Transition Temperature: Tg
= -82 °C, ACP = 0.51 J/g°C.

5.4.4.8. Hydrogenation of UPEB9 (2) to produce HPEB9 (3).

Hydrogenation was performed using a 150 mL Parr high-pressure stainless steel

reaction vessel equipped with a glass liner and Teflon™ stirbar. Unsaturated polymer (2)

was first taken up into 35 mL of toluene (80 °C). To the pre-tared glass liner equipped

with a magnetic Teflon™ stirbar was added 0.870 g of palladium (10% wt.) on activated

carbon followed by the pipette addition of the 35 mL toluene solution containing 0.870 g

of 2. The glass liner was placed into the bomb and the bomb sealed. The Parr vessel was

purged 3 x with 150 p.s.i. of Grade 5 hydrogen gas (H2 ) in order to minimize oxygen and

water introduced from the atmosphere. The bomb was charged to 500 p.s.i. and the

mixture stirred for 24 h at 50 °C and 96 h at 80 °C (120 h or 5 days total). Note: The

bomb was cooled, pressure released, and liner removed after 72 h. The glass liner was

washed with hot toluene to wash down splattered carbon/polymer. Subsequently, the

bomb was submitted to the same hydrogenation conditions described above for an

additional 48 h. The resultant polymer was taken up into hot toluene and precipitated

into -78 °C acidic methanol (IN stock solution prepared with HC1) to obtain a finely

dispersed white solid. The polymer was filtered and reclaimed by dissolving into
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chloroform in order to recover material that adhered to the glass filter. Transfer to a 50

mL roundbottom flask, evaporation under reduced pressure for 6 h, and further drying

under high vacuum (3 x 10'4 mm Hg) at 70 °C for 5 days yielded 0.800 g (90.7%, after

precipitation) of a translucent, tacky material at room temperature. The following

spectral properties were obtained for saturated polymer 3: *H NMR (CDCI3): 5(ppm)

0.84 (t, 3H, methyl), 1.25 (br, 19H);
13C NMR (CDC13 ): 5(ppm) 11.12, 26.12, 26.99,

30.01, 30.43, 33.45, 39.09. Elemental analysis calcd. for repeat unit (CnH22)n : 85.62 C,

14.38 H; found: 84.93 C, 14.36 H. GPC data (THF vs. polystyrene standards): Mn =

32 600; P.D.I. (Mw/Mn )
= 1.78. DSC Results: Glass Transition Temperature Data: T

g =

-76 °C, ACP = 0.63 J/g°C. Thermogravimetric Analysis (TGA) (onset of wt. loss) = 426.7

°C.
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